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Dentine remineralization is clinically significant for prevention and treatment of 
dentine caries, root caries, and dentine hypersensitivity. However, dentine 
remineralization is more difficult than enamel remineralization due to the abundant 
presence of organic matrix in dentine. This could be attributed to an accepted notion 
that dentine remineralization occurs neither by spontaneous precipitation nor by 
nucleation of mineral on the organic matrix, but by growth of residual crystals in the 
lesions.  
 
The general objective of this study was to develop a biomimetic method to facilitate 
remineralization of demineralized dentine. More specifically, this study aimed to 
study the process of demineralization in dentine and the nucleation role of 
phosphorylated noncollagenous proteins (NCPs) in the biomineralization of dentine. 
This study was designed to test the hypothesis that by mimicking the nucleating role 
of phosphorylated NCPs bound to collagen in biomineralization, TypeⅠcollagen in 
demineralized dentine when modified by phosphorylation or analogues of 
phosphorylated NCPs could induce marked mineralization. 
 
Attenuated total reflection fourier-transform infrared (ATR-FTIR), scanning electron 
microscopy (SEM), field emission electron microscope (FESEM), energy-dispersive 
X-ray spectroscopy (EDX), X-ray diffraction (XRD) and electrical impedance 
Summary 
 x 
spectroscopy (EIS) were used to characterize the demineralization of dentine, the 
mineralization of Type I collagen and the remineralization of the surface of partially 
demineralized dentine. The biomimetic remineralization was carried out using two 
methods: (1) phosphorylation of Type I collagen in demineralized dentine using 
sodium trimetaphosphate (STMP) and (2) covalent immobilization of phosphorylated 
chitosan (P-chi) on the collagen in demineralized dentine. In this study, before and 
after demineralization and biomimetic modification, the zeta potential, the 
components of surface free energy of dentine surface and the interfacial free energy 
between dentine surface and aqueous medium were investigated. 
 
The ATR-FTIR, XRD, SEM and EIS results indicated that the effect of fluoride on 
remineralization of dentine was limited when less residual crystals were left on the 
surface of partially demineralized dentine undergoing 72-hour demineralization, 
whereas the biomimetic remineralization methods: phosphorylation of dentine 
collagen and immobilization of P-chi on dentine collagen, were able to result in 
favorable surface properties (i.e. high negative charge, high Lewis base (γ-, 
electron-donor) and low interfacial free energy between substrate and aqueous 
medium) for crystal nucleation and thus enhanced surface remineralization of partially 
demineralized dentine. The biomimetic remineralization for dental caries is in 
agreement with the concept of minimal intervention in caries prevention and 
management. Hence, it would find application in the minimally invasive management 
of dentine caries. 
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Demineralization of dentine is the process of removing mineral ions from the 
apatite lattice structure resulting in dissolution of the inorganic matrix, while the 
term remineralization of dentine refers to the process of restoring the inorganic 
matrix [1]. Dentine remineralization is a clinically significant treatment approach 
for the prevention and management of dentine caries, root caries, and dentine 
hypersensitivity [2]. From a clinical standpoint, it would be better to conserve the 
softened demineralized dentine without bacteria, if it can be optimally 
remineralized [3]. This repair strategy for dental caries is in agreement with the 
concept of minimal intervention in caries prevention and management [4]. 
Currently, certain limitations still remain in the study of demineralization and 
remineralization of dentine. The studies of demineralization of dentine have 
mainly focused on the kinetics [5] of demineralization and histo-morphology of 
demineralized dentine surface [6]. Nevertheless, there is limited information in the 
literature on the structure, chemical composition and surface properties of the 
demineralized dentine and their influence on remineralization. In addition, 
previous studies have demonstrated that the methods applied for enamel 
remineralization, such as the usage of fluoride, also worked in dentine 
remineralization, and their remineralization mechanism is similar in both tissues 
[7, 8]. However, compared with remineralization of enamel, remineralization of 
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dentine using fluoride is less effective. This could be ascribed to the fact that 
fluoride mainly remineralizes residual crystals in dental lesions which act as seed 
crystals but the residual crystals are lacking in dentine lesions where more organic 
matrix exists [1]. The organic matrix in dentine is composed of Type I collagen 
and NCPs (noncollagenous proteins), such as DMP1 (dentine matrix protein) and 
DPP (dentine phosphoprotein, also known as DMP2 or phosphophoryn) with 
highly phosphorlyated serine and threonine residues [9]. The inorganic mineral 
(mainly calcium-deficient carbonate-containing hydroxyapatite (HAP)) in dentine 
is embedded in the organic matrix. Some studies indicated that some NCPs are 
inhibitors of mineralization and if removed, dentine remineralization will be 
enhanced [2]. Therefore, the process of dentine remineralization is more complex 
than that of enamel. 
 
Currently, it has been accepted that dentine remineralization occurs neither by 
spontaneous precipitation nor by nucleation of minerals on the organic matrix but 
by growth of residual crystals in the lesions [2]. However, during 
biomineralization of dentine, collagen matrix acts as a template for mineral 
deposition in the presence of NCPs [9]. These NCPs can induce and regulate the 
biomineralization of dentine in vivo by working as nucleators or inhibitors [9]. 
The anionic groups of NCPs, such as the phosphate group and carboxyl group, 
were believed to attract calcium ions by electrostatic force as nucleating sites 
[10-12]. Therefore, based on the nucleating role of NCPs in biomineralization of 
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dentine, it is possible to mimic this ‘natural’ mechanism to accomplish 
remineralization of collagen in demineralized dentine. This methodology is 
termed as biomimetic mineralization, imitating the natural process of 
mineralization to realize remineralization [13]. The advantage of biomimetic 
mineralization is that it simulates the natural formation process of mineral crystals 
on the surface of organic without using special equipments and strict conditions 
[13]. The biomimetic mineralization could break the traditional notion that 
collagen matrix in dentine caries cannot be remineralized. Inspired from the 
behaviors of NCPs in biomineralization, some biomimetic strategies could be 
developed to accomplish remineralization of collagen.  
 
Based on previous studies, two biomimetic strategies have been proposed in this 
study: (1) introduction of functional groups of NCPs onto dentine collagen and (2) 
development of analogues of NCPs, which would facilitate remineralization of 
dentine. With these biomimetic strategies, collagen matrix can work as a scaffold 
to be remineralized, thereby enhancing the remineralization of dentine caries.  
 
The detailed review of previous and on-going research on de- and 
remineralization of dentine, biomimetic mineralization and the techniques to 
characterize demineralization and remineralization of dentine will be presented in 






























Dentine is a biocomposite of inorganic phase and organic matrix, which exhibited 
a complex behavior during demineralization and remineralization process. In this 
section, the roles of inorganic phase and organic matrix in the demineralization 
and remineralization of dentine is reviewed. Moreover, the current methodologies 
to treat dentine caries, biomimetic mineralization strategies and important 
characterization techniques will be reviewed. 
 
2.1 The composition and structure of dental hard tissues 
The human dental hard tissues are composed of enamel, dentine and cementum. 
The structure and composition of dentine are different from those of enamel. 
Unlike enamel, dentine comprises considerable organic matrix (Type I collagen 
and NCPs) besides inorganic composition (calcium-deficient carbonate-containing 
HAP). This difference may result in the different demineralization and 
remineralization behaviors. The detailed information of humane dental hard 
tissues will be reviewed in this section. 
      
2.1.1 Enamel 
The dental hard tissue is composed of enamel, dentine and cementum (Fig. 2.1) 
[14]. The enamel is an outer layer of 1-3 mm thickness, which covers and protects 
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dentine and pulp cavity [15]. In mature enamel, approximately, 96 wt% of enamel 
consists of crystalline HAP, the rest of composition being the organic materials 
(ca. 0.6% by weight) and water (ca. 3.4% by weight) [15]. The average size of 




The underlying dentine is a porous, calcified tissue, which forms the major bulk of 
the tooth structure. It is thought that the flexibility of dentine may help prevent the 
brittle enamel from fracturing. Compared to enamel, dentine tissue consists of 
more organic components (ca. 21% by weight) [17]. The organic matrix of dentine 
is mainly composed of Type I collagen (ca. 92% by weight) and noncollagenous 
proteins (NCPs) [17]. The inorganic components of dentine are primarily 
calcium-deficient carbonate-containing HAP [17]. Dentine contains 20% water by 
volume and they are in bound or unbound state [17]. Water molecules hydrate the 
organic matrix and occupy the intercrystallar space. Dentine is structurally divided 







into peritubular dentine and intertubular dentine. Peritubular dentine is a highly 
mineralized tissue containing more inorganic components and less organic matrix. 
Intertubular dentine is mostly composed of Type I collagen fibrils ranging from 50 
to 200 nm in diameter, surrounded by nanocrystalline apatites [18]. These 
mineralized collagen fibrils are arranged orthogonal to dentinal tubules to form a 
planar felt-like intertubular dentine [19]. Some reports showed that the apatite 
crystallites in dentine are plate-like in shape, ca. 50-60nm long and up to 3.5 nm 
thick [20], which is smaller than those of enamel. These apatite crystallites are 
closely packed and incorporated with the gaps between the collagen fibrils where 
c-axis of apatite structure are parallel with the fibrils [21]. 
 
2.1.3 Cementum 
Cementum is a specialized calcified substance covering the root of a tooth. It is 
yellowish and softer than enamel and dentin due to being less mineralized. The 
main role of cementum is to anchor the tooth by attaching it via the periodontal 
ligaments. The organic matrix of human cementum consists mainly of Type I 
collagen (90% of the organic matrix) and Type III collagen (5%) according to the 
classic study by Cristoffersen and Landis [22, 23]. 
 
2.1.4 Inorganic phase (apatite) in dental hard tissue 
It should be noted that pure HAP does not occur on a macroscopic scale in the 
dental hard tissue, but instead calcium-deficient carbonate-containing apatite 
analogue appear [14]. The apatite of dental hard tissue has been described by the 
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following formula [24]: 
In nature, there is often isomorphous substitution in biological HAP [14]. Calcium 
has many possible substitutions such as sodium, magnesium, strontium, zinc and 
many other cations. It is believed that carboxyl group can substitute for the 
hydroxyl group in HAP structure on a minor scale, but mainly for the phosphate 
group [14]. The phosphate group can be replaced by carboxyl group in up to 24% 
of the available sites in the apatite structure [14]. The hydroxyl group is normally 
replaced by fluoride [24]. The substituting degree of carboxyl group and fluoride 
affect the reactivity and solubility of the HAP in enamel and dentine. Due to 
higher carbonate-containing HAP, the crystallinity of the dentine and cemental 
inorganic component is lower than the other calcified tissues [25]. As a result, 
dentine and cementum is more easily demineralized than enamel, but this 
reactivity was reduced by 50% when strontium and fluoride are incorporated 
together into the apatites [26]. 
 
2.1.5 Organic matrix in dentine 
The dentin organic matrix primarily consists of fibrous collagens and NCPs. 
Collagens comprise 90% of the dentin matrix, and are principally Type I [27, 28]. 
Type I collagen is the most abundant and important matrix molecule in all 
collagen-rich mineralized tissues. In a two-dimensional model for the lateral 




assembled with an axial shift of D=67 nm, the so-called macroperiod of Type I 
collagen [29]. The mineral strands could break the weak lateral bonds between 
adjacent microfibrils and fuse with neighbors to form ribbons, platelets, 
surrounding the microfibrils. Such a crystal arrangement would provide the 
primary basis for the positive biomechanical qualities of the collagen-rich hard 
tissues [30].  
 
NCPs comprise the remaining 10% of the dentin organic matrix. The major 
components of NCPs in dentine are attributed to the SIBLING (small 
integrin-binding ligand, N-linked glycoprotein) family [9] and their gene are all 
clustered within an approximately 375 kb span of nucleotides on human 
chromosome 4q21 (mouse 5q21) [9]. SIBLING family (Table 2.1) is composed of 
OPN (osteopontin), MEPE (matrix extracellular phosphoglycoprotein), BSP (bone 
sialoprotein), DMP1 and DSSP (dentine sialophosphoprotein). OPN and MEPE 
acting as inhibitors of mineralization are found widely in mineralized and 
nonmineralized tissue, while DMP1 and the subdomains of DSSP (DSP [dentine 
sialoprotein], DGP [dentine glycoprotein] and DPP) are strongly engaged in bone 











DSS repeat sequence; highly phosphorylated 
DMP1 (Dentine matrix 
protein 1) 
Acidic proteins; high content of glutamic acid and aspartic acid 
residues; remarkably hydrophilic; greater amounts in dentin  
OPN (Osteopontin) Acidic glycoprotein, a high content of serine, asparagine, 
andglutamate  
BSP (Bone sialoprotein) Highly glycosylated protein; O-linked oligosaccharides; not as 




Phosphoglycoprotein, highly charged, rich in potential serine 
phosphorylationsites, and contains an RGD domain 
The roles of inorganic phase and organic matrix in demineralization and 
remineralization of dentine will be reviewed based on the available literature in 
the following sections. 
 
2.2 Demineralization of dentine  
The characterization of changes in the inorganic phase and organic matrix of 
dentine is important to understand the principle of demineralization of dentine and 
provide a basis for remineralization. The following review will mainly focus on 
the roles of inorganic phase and organic matrix in the demineralization of dentine. 
In addition, some artificial caries models will be introduced.    
 
2.2.1 Mechanism of demineralization of inorganic phase in dentine caries  
The essential feature in the demineralization of dental hard tissue is that a 
substantial number of mineral ions are removed from the apatite lattice net-work 
and its structural integrity is destroyed, leading to the permeability of dentine. The 
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possibility of dissolution of HAP depends on the Gibbs free energy change caused 
by the degree of saturation with respect to HAP, as shown in Equation 1.   
 
 
where S is the degree of supersaturation with respect to HAP, R gas constant 
(8.314J·K-1mol-1), T absolute temperature, n the number of ions in a formula unit, 
IP the ionic activity product, and Ksp the solubility product. The IP values for 
HAP is given by [Ca2+]10[(PO4)3-]6[OH-]2γ12γ210γ36, where γz represents the 
activity coefficient of a z-valent ion. Therefore, from the point of view of 
thermodynamics, there are two reasons for the increased solubility of HAP in acid 
[31]. First, the hydrogen ions remove hydroxyl ions from the lattice of HAP to 
form water. Because the product of [H+][OH-] in water is always equals 10-14 
mol/L, as the [H+] increase in an acid solution, the [OH-] must decrease in a 
reciprocal manner. Second, the inorganic phosphate in fluid is present in four 
different forms, namely H3PO4, H2PO4-, HPO42- and PO43-, the proportions of 
which depend on the pH value of acidified solution. Thus, in the acidified solution, 
the calcium concentration is unaffected but the concentrations of both OH- and 
PO43- are reduced which decrease the value of ionic product (IP) of HAP, 
resulting in undersaturation of the solution with respect to HAP [31].  
 





RTG −=−=∆ (1) 
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the process of dissolution of crystals takes place in two stages: (1) detachment of 
the crystal building units from the crystal lattice (i.e. reaction step) and (2) transfer 
of the units to the bulk solution by diffusion (i.e. diffusion step). The slowest step 
is the rate-determining step [32, 33]. Thus, for HAP dissolution kinetics, both 
surface diffusion-[34-36] and mass transport-controlled mechanisms [37, 38], 
have been proposed. In general the overall dissolution process is kinetically 
interpreted by a power law of the type: 
where R is the rate of dissolution, k the rate constant, σ the relative 
undersaturation which is defined as σ=S-1 and n a power indicative of the 
mechanism [33]. It was thus found that the rates of dissolution of apatites 
containing ionic impurities decreased as a function of time although the driving 
force for dissolution was kept constant [39, 40], which could explain why 
fluoridated HAP (FHAP) can more strongly resist acid attack than pure HAP. The 
study on the dissolution of carbonated apatites revealed that carbonate was 
preferentially released [41-43].  
  
2.2.2 Organic matrix in demineralization of dentine  
It was observed that the demineralization of the peritubular dentine was faster than 
that of the intertubular dentine in vitro [44]. The higher demineralization rate of 
the peritubular may be explained on the basis of difference in crystal size. Also, 
the collagen matrix in the intertubular dentine could inhibit demineralization, as 




located in intimate association with the collagen fibrils. This phenomenon is 
related to the mineralization pattern of dentine [44]. In the process of 
mineralization of dentine, HAP crystals primarily deposits within and on the 
surface of the collagen fibrils and secondly between the fibrils [44]. It was 
demonstrated that the last depositing crystals between the collagen fibrils were 
first dissolved, supporting the conclusion that the most acid-resistant crystals are 
those which are intimately associated with the collagen [44].  
  
In carious dentine, an analogous situation seems to exist. The observation on 
ultrastructure of soft, carious dentine showed that considerable mineral crystals 
can resist the initial acid attack and remain in the intertubular dentine and 
ultimately disappeared until the disintegration of the collagen matrix [45]. It was 
concluded that the destruction of collagen matrix is a late or final sequel in dentine 
caries [44]. Therefore, the formation of dentinal lesion includes dissolution of 
inorganic components and degradation of the collagen matrix [46].   
 
During the development of dental caries, the release of proteolytic enzymes by 
microorganisms in plaque accounts for the proteolytic activity in carious dentine 
[47-49]. The Streptococcus mutans (S. mutans) has been identified as the 
predominant bacteria [50], possessing the ability to bind to collagen. It was 
reported that the collagenolytic activity by S. mutans may contribute to 
degradation of collagen fibrils in dentine [51]. In contrast, Dung and Odell et al. 
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reported that collagenolytic activity is not expressed by S. mutans and 
Actinomyces species, although some Porphyromonas gingivalis strains that are 
involved in infected root canals have been shown to possess collagenolytic 
potential [52, 53]. On the other hand, recent studies revealed that host-derived 
matrix metalloproteinases (MMPs) could also contribute to the breakdown of the 
collagen matrix in the pathogenesis of dentine caries [54, 55]. MMPs are a family 
of zinc-dependent proteolytic enzymes that are capable of degrading the dentine 
collagen matrix after demineralization.  
 
Due to the presence of numerous functional groups, such as amino, carboxyl and 
hydroxyl groups on the surface of collagen, its surface is readily available for both 
physical and chemical interaction [56]. It was reported that these functional 
groups which are related to specific recognition of enzyme can be masked by the 
attachment of specific organic radicals to avoid the enzyme attack [57]. 
 
2.2.3 Different zones of dentine caries  
Carious dentine is usually described in terms of two altered layers in clinical 
practice, an outer layer (infected layer) and an inner carious layer (affected layer) 
(Fig. 2.2). The outer layer is contaminated with bacteria in clinical caries and the 
collagen fibers are degraded, which is not considered for remineralization, while 
the inner layer is bacteria-free with limited denaturation of the collagen, which 
could be remineralized [58]. In clinical practice, it is recommended that the outer 
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(infected) layer of dentine caries should be removed during cavity preparation, 
and the inner layer is conserved for bonding of restorative material, though this is 
an invasive methodology [59]. 
 
2.2.4 Different methods for induction of artificial dentine caries  
Artificial dentine caries is similar to natural caries in the subsurface mineral loss 
and the production of different zones [60]. Therefore, artificial dentine caries 
models have been employed to study the effect of fluoride agents [61-63], lasers 
[62], and other types of treatments [63, 64] on demineralization and 
remineralization of dentine. In order to obtain a uniform and ideal ‘caries-affected 
substrate’, different approaches have been proposed to produce in vitro caries-like 
lesions. These approaches include the use of acidified solution [44, 65], 
pH-cycling procedure [66] and incubation with natural plaque (biofilm) [66]. 
 
Fig. 2.2 The different zones of dentine caries. 
Outer layer (infected layer)  





Acidified solution is widely used to induce artificial caries lesion since it is easy to 
carry out and duplicate. Organic acids, such as acetic, lactic and citric acid are 
usually used to prepare demineralization solutions [65]. This method can produce 
lesions similar to naturally developed caries from a physicochemical aspect [67]. 
In addition, it is convenient to measure the change in calcium and phosphate 
concentrations in the demineralization solution to study demineralization kinetics. 
However, this model has been criticized due to lack of saliva and bacterial biofilm 
[66].  
 
The pH-cycling procedure simulates the daily acid attack occurring in the oral 
cavity, and provides an alternative approach for demineralizing and remineralizing 
the dental samples [66]. This method simulates the natural demineralization 
condition better when compared with acidified solution based demineralization 
treatment. However, the pH-cycling also has some limitations. Other than the 
absence of saliva and biofilm, the duration of demineralization and 
remineralization is not known [66] and shallower carious lesions are produced by 
this method when compared with naturally formed lesions. Most importantly, the 
breakdown of the dentinal collagen cannot be reproduced by acidified solutions 
and pH-cycling procedure, since in vitro evaluations cannot accomplish all factors 
involved in the carious process. Therefore, these methods provide a demineralized, 




The incubation with bacterial strains or mixed cultures as an acid producer 
simulates natural caries process induced by biofilm on the surface of dental tissue. 
A bacterial biofilm is defined as an aggregate of microorganisms co-aggregating 
each other and adhering to a solid surface. The accumulation of microorganisms 
subjects the teeth and gingival tissues to high concentrations of bacterial 
metabolites which results in dental disease [69]. Some characteristics described 
for natural dentine caries, such as color and presence of infected layer, can be 
reproduced by incubating the dentine specimen with bacteria [70]. However, up to 
now there are no standardized protocols for this method [71]. S. mutans, a 
significant contributor to tooth caries, is usually used in vitro to induce artificial 
dentine caries [72]. By this method, carious lesions morphologically similar to 
natural caries lesions are produced. In addition, a certain amount of sucrose or 
glucose is usually added to the medium for bacterial metabolism and subsequent 
production of lactic acid. It was affirmed that the use of S. mutans provokes a pH 
drop faster than other microorganisms [73]. 
 
2.3 Remineralization of dentine 
Currently, many studies have demonstrated that fluoride can facilitate 
remineralization of dental hard tissue, but fluoride only targets the 
remineralization of residual crystals in tooth lesion. However, the method of 
remineralization based on the collagen in demineralized dentine has not been 
reported. The following review will focus on the roles of inorganic and organic 
Literature review 
 19 
matrix in remineralization and current clinical methodologies to repair carious 
dental hard tissue.   
 
2.3.1 The role of inorganic matrix of dentine in remineralization 
AFM (atomic force microscopy) results showed that considerable residual mineral 
crystals (inorganic matrix) still remain in close contact with the collagen fibrils in 
the intertubular dentine after acid attack [74, 75]. These residual crystal particles 
preferentially appeared in the transition from the gap to the overlap zone, which 
might be related to the location of NCPs [76-78]. Klont et al. reported that for 
early subsurface lesions, calcium uptake and loss were proportional, while for 
more severe lesions, the amount of deposited mineral was found to be not 
determined by the degree of demineralization [79]. In addition, the removal of 
exposed collagen did not affect the rate of mineral deposition, indicating that 
deposition occurs primarily (if not only) on residual crystals in the lesions, and not 
on the demineralized collagen fibrils in detectable amounts [79]. Some studies 
also showed that collagen fibrils in carious dentine cannot remineralize unless 
residual mineral crystals remain in the demineralized lesion [7, 8, 80]. Thus, the 
inorganic matrix plays an important role in the remineralization of dentine. The 
chemical nature of this phenomenon is that in saliva or remineralizing solution 
these residual crystals work as seed crystals to induce heterogeneous nucleation 




From the kinetics point of view, during a remineralization process the nucleation 
of mineral crystals on inorganic matrix is a rate-determining step, which is driven 
by local pH, supersaturation with respect to HAP, amount of seed crystals 
(nucleation sites) and surface area available for crystal growth [81]. On the other 
hand, during the remineralization of more advanced subsurface lesions, the 
diffusion of lattice ions through the surface layer pores is considered as a 
rate-determining step [79]. If nucleation is the fast process, the ions will be 
depleted from remineralizing solution for nucleation and growth of crystals so that 
a concentration gradient required for diffusion does not develop and with 
progressive remineralization, the lesion pores may become blocked [81]. Thus, 
lower concentrations of calcium and phosphate are often preferable in 
remineralizing solution to prevent immediate precipitation that will inhibit further 
remineralization due to lack of ions diffusing into deep lesions. 
 
Since the nucleation of mineral crystals on an inorganic matrix is a 
rate-determining step during a remineralization process, a certain rate of 
nucleation is required to maintain the balance between demineralization and 
remineralization to inhibit caries. For reparation of caries, a faster nucleation rate 
is thus needed. To accomplish this aim, fluoride is introduced to the 
remineralization system to enhance remineralization processes, by increasing the 
rate of nucleation of mineral crystals. The solubility product constant of FAP (KFAP) 
is 7.08×10-122 mol18·l-18 [82], which is less than that of HAP (KHAP), 5.5×10-118 
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mol18·l-18 at 37 °C [83], and thus the former can more favorably form than the 
latter. Therefore, the presence of fluoride in saliva, biofilm fluid and 
remineralizing solution can enhance the remineralization [84]. Because of fluoride, 
the nucleation and de novo formation of mineral crystals can occur, which could 
result in hyper-remineraliztion. Therefore, a lower concentration of fluoride in the 
remineralizing solution is recommended [84]. However, these studies indicated 
that fluoride only aims at the remineralization of residual crystals. Whether 
fluoride can facilitate the formation of mineral on the surface of collagen in 
demineralized dentine has not been investigated.  
 
It is worth noting that some studies [9, 79, 85] indicated that NCPs in dentine can 
also influence remineralization of dentine by controlling nucleation of mineral 
crystals. Hence, from the kinetics view point, NCPs is also a rate-determining 
factor on nucleation of mineral crystals during remineralization, suggesting that 
some NCPs inhibiting remineralization should be removed to enhance 
remineralization of dentine [2].  
 
2.3.2 The role of organic matrix of dentine in remineralization 
The dentine organic matrix primarily consists of Type I collagen and NCPs. Type 
I collagen itself in dentine does not seem to be able to induce significant 
remineralization of demineralized dentine [79, 81, 86], but may act as a template 
for mineral deposition [87]. However, some studies showed that Type I collagen 
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from other tissue, such as skin and tendon, can induce mineralization. Several 
representative experiments are summarized in Table 2.2. 
 
Collagen pattern Source of collagen  Mineralization manner Type of Mineral Ref. 
Membrane Bovine skin 
1.5SBF,  







Solution of dissolved 






MS solution,  CC 
technique, pH 7.4, 
37℃ 
OCP and HAP  [90] 
 
Type I collagen in skin and tendon are not mineralized in vivo, where NCPs 
related to mineralization are lacking. If they exist, they may inhibit mineralization. 
In these in vitro experiments (Table 2.2), therefore, the collagen worked as a 
foreign body or surface to induce nucleation based on the mechanism of 
heterogeneous nucleation. Here, the carboxyl groups of collagen were thought as 
nucleation sites [88]. Moreover, the application of simulated body fluid (SBF) and 
constant composition (CC) technology may be attributed to the occurrence of 
mineralization. Therefore, these results should not be taken to mean that the 
collagen substrate itself is able to induce mineral growth spontaneously [91], but 
the applied value of this phenomenon for remineralization of dentine is worth 
noting.  
 




On the other hand, due to the presence of NCPs in dentine, the completely 
demineralized dentine is not a representation of pure dentine collagen. Thus, 
because of the role of NCPs as promoter or inhibitor of [92-94], the presence of 
NCPs in partially and completely demineralized dentine influences 
remineralization capacity of dentine in vitro. Among the NCPs in dentine, the in 
vitro properties and behaviors of DPP (DMP2) and DMP1 in the process of 
mineralization are well documented [9].  
 
The role of DPP in the mineralization of calcium phosphate in vitro was the most 
exhaustively studied in the past three decades. Due to the difference in the 
extraction methods and dentine sources (human or different animals), the DPP 
used in early studies was different in molecular weight, type and content of amino 
acid. Despite these differences of DPP in the various studies, the enrichment of 
aspartic acid and serine, high phosphorylation of serines and (DSS)n (Asp-Ser-Ser) 
repeats are the common characteristics. A typical human DPP is a 140kDa protein 
containing approx. 38% aspartic acid and 42% serine [93, 95]. Phosphorylation of 
serine residues results in a very high negative charge molecule that can be 
considered a virtual sink for the binding of calcium ions [9]. Some in vitro studies 
showed that DPP inhibits the formation of HAP de novo in solution [96] and gel 
systems [97, 98], while it promotes HAP formation when it is covalently 
immobilized on agarose beads and collagen [99-101]. These results indicated that 
the formation of HAP is inhibited by soluble DPP but promoted by immobilized 
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DPP. In addition, in the gel system the formation of HAP was independent of the 
concentration of DPP (inhibited by 100 µg/ml of DPP and promoted by 
0.01-1µg/ml) [98]. These results indicated that inhibition or promotion of 
mineralization by free DPP in solution depends on its concentration, while 
immobilized DPP on certain surfaces can induce mineralization.  
 
As for the effect of DPP on remineralization of demineralized dentine, several 
studies have shown that if EDTA-soluble DPP as an inhibitor of mineralization is 
removed from dentine collagen, remineralization occurs on completely 
demineralized collagen [102-106]. Clarkson et al. [106, 107] summarized that 
phosphoproteins in dentine could be classified into the EDTA-soluble (easily 
extracted) and the non-EDTA-soluble (stabilized) proteins when EDTA is used for 
extraction. The former is a typical DPP as reported by Hunter et al. and Chang et 
al. [93, 95], which may prevent remineralization of demineralized dentine. The 
latter is also highly phosphorylated and after the removal of EDTA-soluble 
phosphoprotein it may act as a mineral nucleator. These non-EDTA-soluble NCPs 
in dentine could include PG, OPN (an acid glycoprotein), and DSP [106]. In 
addition, in Statio’s study [102], after progressive enzymatic removal of 
non-EDTA-soluble phosphoprotein to a certain extent, the completely 
demineralized dentine matrix could not induce marked mineralization. The 
inhibition of mineralization in vitro by free DDP in solution [96-101] could 
explain Clarkson’s finding [106], that is, EDTA-soluble (easily extracted) DPP 
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could also inhibit remineralization of dentine like free DPP due to its release to the 
remineralizing solution from the dentine matrix. This finding would suggest that 
in order to optimize the remineralization of dentine caries, the EDTA-soluble DPP 
should be removed in clinical practice [106]. The reason why non-EDTA-soluble 
phosphoprein can induce mineralization could be that it is more firmly bound to 
dentine collagen fibrils through covalent bond, which was implicated by Statio’s 
other study [107]. In this study, adsorption of bovine dentine phophophoryn on 
skin Type I collagen fibrils cannot induce mineralization of collagen but covalent 
cross-linking can do so. 
 
DMP1, containing 489 animo acid residues, was identified as a serine-rich acidic 
protein of the dentine matrix by cDNA cloning [108]. Compared with DDP, 
DMP1 has a high content of Glu residues and does not contain (DSS)n repeats. 
DMP1 is present in phosphorylated form at low levels in the dentine matrix as 
shown in immunochemical and organ culture biosynthetic studies [108]. Its effect 
on remineralization of demineralized dentine has not been investigated, but its role 
in mineralization of collagen in vitro has been studied. He et al. reported that two 
peptide clusters at C-terminal of DMP1, 349DSESSEEDR357 and 
424EENRDSDSQDSSR437, are identified as collagen-interactive peptides [109]. 
The binding between DMP1 and collagen is driven by electrostatic interaction as 
indicated by the acid residues in these two peptides. Additionally, the N-terminal 
domain of DMP1 can stabilize ACP (amorphous calcium phosphate) due to the 
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high negative charge density created by aspartic acid residues that can favor and 
stabilize the amorphous nuclei [110]. Based on these results, a model of 
mineralization of collagen based on DMP1 was proposed. In this model, a dimer 
of DMP1 containing ACP and collagen binding sites first form, and then ACP 
clusters are stabilized by further self-assembly of DMP1 in solution. The 
DMP1-ACP complex possesses specific affinity toward the gap region of the 
collagen matrix. This model demonstrated that DMP1 could serve a dual role 
during dentine formation: inhibiting spontaneous mineral precipitation and 
promoting controlled mineral nucleation on a collagenous template [110].    
 
In conclusion, DPP and DMP1 play a dual role in mineralization in vitro. They 
can act as an inhibitor of crystal nucleation and growth in solution or as a 
nucleator when immobilized on a solid surface. The mineralization of collagen 
induced by DPP immobilized on the collagen and the interaction of DMP1 with 
ACP or collagen would provide a strategy for remineralization of demineralized 
dentine.  
 
2.4 Clinical aspects of remineralization  
Early in caries development, caries may affect only enamel. Once the extent of 
decay reaches the deeper layer of dentin, dentine caries occurs. Therefore, 
remineralization of dentine is significant for management of dentine caries. 
However, it is difficult to accomplish remineralization of deep caries in clinical 
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practice because the caries process had passed a ‘point of no return’ [81].  
 
Although roots of teeth have a very thin layer of cementum over a large layer of 
dentine, root caries is mainly caused by demineralization of dentine. Root caries is 
widespread and increasing in aged adults because pathology and treatment of 
periodontal diseases expose root surfaces and make them prone to caries attack. It 
is technically difficult to treat root caries because the lesions tend to ‘wrap around’ 
the cervical margins of the teeth so that optimal restorative materials are lacking 
[104]. Therefore, remineralization of dentine is also significant for treatment of 
root caries. Different in vitro root caries models have been develeped for 
remineralization study [60].  
 
The etiology of dentine hypersensitivity is ascribed to demineralization that results 
in exposure of dentinal tubules [2]. Thus, based on a remineralization mechanism, 
the formation of a mineral layer on the surface of demineralized dentine which 
results in mineral deposit or plugs in the dentinal tubules is an important 
therapeutic strategy for dentine hypersensitivity. 
 
The clinical methodologies to deal with carious dental hard tissue can be classified 
into restorative and non-restorative repairs [111, 112]. The restorative treatment 
needs to remove all softened and discoloured dentine to eliminate all infected 
tissue and create a hard tissue foundation to support a restoration. The use of hand 
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instrumentation and a round steel bur often results in removal of healthy tissue 
and accidental exposure of the pulp. Moreover, the notion has generally been 
accepted that restorative intervention is likely the beginning of a long sequence of 
re-restorations, often leading to crowns and implants, irrespective of how well the 
first filling was prepared [112]. Recently, the concept of minimal intervention or 
minimal invasive dentistry (MID) has been established based on the development 
of adhesive dentistry in which new non-metallic filling materials, such as 
composites based on acrylate resin and glass ionomer cements (GIC), are used for 
restorative treatment [4].  
 
The non-restorative repair for dental caries is in agreement with the concept of 
MID. Remineralization is an important method in MID. So far, remineralization of 
superficial enamel caries using fluoride and its derivatives has been well 
documented in hundreds of studies completed [112]. It also has been demonstrated 
that fluoride treatment also can facilitate remineralization of shallow dentine and 
cemetum lesions in vitro [111, 112]. In addition, it was reported that the caries 
lesion extending to dentine (deep lesion) can be remineralized in vitro although 
this process is very slow [81]. Now, an emerging view in caries prevention and 
management is that restorative treatment should be delayed to provide maximum 
possibilities for natural lesion repair and arrest [81]. Thus, an efficient 
remineralization strategy for dentine caries is required to achieve a minimally 
invasive approach for dentine caries management. 
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2.5 Biomimetic strategies for dentine remineralization  
Biomimetic mineralization could be an efficient remineralization strategy and 
could break this traditional notion that collagen matrix in dentine caries cannot be 
remineralized. It would serve as a novel and promising methodology to treat 
dentine caries. The biomimetic mineralization is a complex process that imitates 
the natural process of mineralization. It involves the controlled nucleation and 
growth of HAP on the surfaces of various inorganic and organic substrates after 
immersion in SBF which is a metastable calcium phosphate solution 
supersaturated with respect to apatite and has a similar composition as that of 
human blood plasma [113-115]. Compositions of remineralizing solution are 
similar to those of saliva [116]. The advantage of biomimetic mineralization is 
that it simulates the natural formation process of mineral crystals without using 
special equipment and strict conditions [13]. 
 
In this section, biomineralization of dentine, heterogeneous nucleation, the 
interaction between inorganic phase and organic matrix of biomineralization and 
pertinent recent studies on biomimetic mineralization will be reviewed. 
 
2.5.1 Biomineralization of dentine  
According to the current understanding of biomineralization of dentine, the 
process of biomineralization involves the interaction of NCPs with collagen fibrils 
and minerals [117]. The formation of dentine is a tissue-specific biomineralization 
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process, which occurs at spatially independent sites throughout the organic 
extracellular matrices. The schematic drawing in Fig. 2.3 depicts the highly 
polarized odontoblast with its process extending through the predentine into the 
dentine. The situation is that the mineralization front follows the cell movement at 
the same rate, maintaining an essentially constant width of the unmineralized 
predentine [118]. In predentine zone, the odontoblast actively secretes collagen to 
form collagen network and proteoglycan (PG). Some of these proteoglycan 
fractions are metabolized in predentine. Several noncollagenous components such 
as DPP, γ-carboxyglutamate-containing proteins of the osteocalcin type 
(Gla-protein) and a second pool of PG, are transported within the odontoblast 
process and secreted just in advance of the mineralized dentine. In the 
mineralization front, NCPs could interact with the collagen fibrils and inorganic 
ions to specifically manage where calcium and phosphate ions will be trapped, 
initializing the mineralization [119]. Furthermore, a second pool of PGs appears to 
be involved in the nucleation, orientation and growth of HAP crystal [120-122]. 
Since DPP is detected only in the dentine side of the mineralization front but not 
in predentine [123-127], a possible role of DPP in dentine biomineralization may 
be to regulatethe growth of crystals behind the mineralization front. In addition, 
dentine collagen fibrils show a high degree of organization and a strong crystalline 
character and ability to interlock, which might be related to the specific NCPs that 
induce mineralization [122, 128, 129]. In the beginning of the mineralization, the 
HAP crystals start in gap regions or attach to the collagen fibrils that work as a 
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scaffold [117].  
 
It is considered that calcium ions are transported to the mineralization front by a 
transcellular route, where Ca2+-activated ATPase, in concert with 
Na+/Ca2+-exchangers, calcium channels and intracellular calcium binding proteins, 
maintain a delicate calcium ion homeostasis in odontoblasts [130-135]. Phosphate 
ions are non-specifically cleaved from compounds by alkaline phosphatase to 
support mineralization. Activity of alkaline phosphatase has been shown to 
increase at the mineralization front when crystal growth is occurring [136]. What 
we can learn from biomineralization of dentine is that NCPs work as nucleator 
Fig. 2.3 Schematic drawing of the odontoblast-predentine region during dentinogenesis. 
Macromolecules are synthesized within the odontoblast cell bodies (below). The 
constituents of predentin, collagen, and proteoglycan (PG) are secreted close to the 
odontoblast cell bodies to form the extracellular, nonmineralized predentin matrix. Some of 
this proteoglycan fraction is metabolized in predentine. It should be noted that the 
“mineralization front” is just an operative term, denoting that part of predentin where 








































and inhibitor to accomplish mineralization of collagen. The functional groups of 
NCPs are crucial for heterogenous nucleation in biomineralization. Therefore, the 
development of biomimetic strategies could mimick the behavior of NCPs in 
biomineralization of dentine.  
 
2.5.2 Heterogeneous nucleation in biomineralization 
Heterogeneous nucleation refers to the formation of nuclei on the surface of a 
template (foreign substrate) in nucleating medium [137]. The heterogeneous 
nucleation is involved in the remineralization of demineralized dentine by growth 
of residual crystals in the lesions and mineralization of collagen in vivo or in vitro. 
Herein, both residual (seed) crystals and collagen work as the templates for 
nucleation. In both homogeneous and heterogeneous nucleation, two opposite 
actions, the driving force of forming crystal phase (∆µ) and interfacial energy 
(tension) (γcm) between nucleus of crystal (c) and nucleating media (m) exist when 
molecules attempt to aggregate, which results the activation energy barrier of 
nucleation shown in Equation 3 and 4 [138]. 
where ∆G* is the nucleation barrier for homogeneous nucleation, k Boltzman 
constant, T absolute temperature and σ the supersaturation of solution with respect 
to mineral crystal. According to Equation 3 and 4, increasing σ and lowering γcm 









=∆ cmG (3) 
)1ln( σµ +=∆ kT (4) 
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accomplished by nucleation on a foreign substrate [138], which depends on a 
strong interaction and an optimal structural match between the nucleus and the 
substrate surface.  
   
The interfacial tension (γcm) is usually used to evaluate the nucleation potential of 
different substrates and γcm is calculated from Equation 5 [139, 140]. 
Here, α is the slope of a plot of log(induction time) vs. [log(saturation)]-2, k= 
1.381 × 10−16 ergK-1 (Boltzman constant), T, absolute temperature, β=16π/3 (a 
dimensionless geometric factor for spherical nuclei), and v=2.8 ×10-22 cm-3 
(molecular volume). By this methodology, the interfacial tension of collagen on 
which DPP was immobilized between crystalline phase of HAP was calculated as 
96 ergs/cm2 which is similar to that of HAP seed crystals [107], indicating the 
highly phosphorylated organic matrix are as effective as HAP seed crystals in 
inducing nucleation of HAP. This result implied that the collagen in dentine could 
induce mineralization after certain surface modifications.  
 
The surface free energy components, Lifshitz-van der Waals apolar 
electrodynamic forces (γLW), Lewis acid (γ+, electron-acceptor) and Lewis base (γ-, 
electron-donor), were obtained using the Young equation as follows [141]. 
where the subscript S represents solid surface, L liquid surface. The surface free 
   γcm =2.303kT[(5α)/2βv2]1/3 (5) 
(1+cosθ) γL=2[(γSLWγLLW)1/2 + (γS+γL-)1/2 + (γS-γL+)1/2]              (6) 
Literature review 
 34 
energy parameter, Lewis base (γ-) can also reflect the nucleation ability of the 
surface of partially demineralized dentine [142]. It was suggested that a relatively 
high value of γ- could result in a reduced free energy barrier due to electrostatic 
and Lewis acid-base interactions across the interface [142]. In addition, based on 
the measurement of contact angle and the surface free energy calculated by 
Equation 6, the interfacial energy γSL between condensed materials (S) and 
aqueous phase (L) can be calculated from Equation 7 [16]: 
 
Apart from the surface property of dentine surface, the interfacial free energy 
between the aqueous media and the solid phases also can influence the crystal 
nucleation [143]. It was proposed by Nancollas et al. that a smaller interfacial free 
energy between the aqueous media and the solid phases could lead to a greater 
tendency to be nucleated either on itself or on foreign surfaces (i.e. heterogeneous 
nucleation) [143]. Therefore, with relatively low interfacial free energy, 
heterogeneous nucleation would occur in a mineralizing media in which 
homogenous nucleation cannot spontaneously occur. 
 
2.5.3 Interaction between inorganic phase and organic matrix in 
heterogeneous nucleation 
Based on the concept of biomineralization discussed in the above paragraphs, it 
may be concluded that the functions of organic macromolecules are important in 
γSL=[(γSLW)1/2 - (γLLW)1/2]2 + 2[(γS+γS-)1/2 + (γL+γL-)1/2 - (γL+γS-)1/2 - (γS+γL-)1/2]     (7) 
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the regulation of nucleation and growth of HAP [144-146]. The electrostatic, 
dipolar, and hydrogen bonding interactions can take place during nucleation 
between ions in nucleating medium and charged functional groups on the surface 
of foreign substrate [141]. If these interactions provide molecular recognition 
between the stereochemical requirements of ions in the nucleus surface and 
charged groups at the macromolecular interface, both the structure and orientation 
of the mineral deposit can be precisely regulated.  
 
Generally, three aspects of molecular recognition at inorganic/organic interfaces 
are considered effective: (1) electrostatic accumulation of cations, (2) structural 
correspondence, and (3) stereochemical requirements [146]. These recognitions 
lead to specificity in the nucleation of biominerals. Currently, an accepted fact is 
that the negatively charged surfaces are always favorable for the heterogeneous 
nucleation of HAP in a supersaturated solution, such as SBF, whereas the 
nucleation is inhibited on positive surfaces [147-149]. The accepted interpretation 
is that the adsorption of Ca2+ ions on the negatively charged surface due to the 
electrostatic attraction increases the supersaturation near the negative surfaces, 
and thus the initial nucleation is preferentially triggered [146]. The negatively 
charged self-assembled monolayers (SAM) terminated with polar headgroups, 
such as phosphate, carboxyl and hydroxyl groups [150, 152] shows strong 
nucleation ability of HAP, whereas very weak nucleation of HAP was observed 
on the positive surface of SAM terminated with amino headgroups. These studies 
Literature review 
 36 
indicated that heterogeneous nucleation occurs only on the surfaces of foreign 
bodies when there are special objects inside a phase that can cause nucleation 
because of lower free energy [146]. The interaction between calcium ions and 
DPP immobilized on collagen can lower the interfacial energy for HAP nucleation, 
indicating that DPP bound on collagen template had a high capacity to nucleate 
HAP [107]. In view of these studies, the investigation of surface charge is of 
importance to evaluate the nucleation ability of substrates. Hence, in this study the 
effect of surface charge on remineralization will be investigated using zeta 
potential technique.     
 
The interaction between macromolecular and crystal surface plays a regulating 
role of orientation and morphology in the process of growth of mineral crystals. 
As for DPP, it was reported that DPP is readily adsorbed on the surfaces of HAP 
and binds preferentially to the (100) face of HAP, thus facilitating growth in 
c-axis direction [153]. Dephosphorylation leads to reduced affinity of the 
phosphoproteins for HAP crystal surface [9]. In the dentine substrate, variations in 
the organic matrix phosphate levels during dentine maturation have been observed 
[154]. Therefore, phosporylation and dephosphorylation could be mechanisms by 
which odontoblasts can alter the regulating function of DPP so as to control the 
orientation and morphology of HAP in dentine.  
 
In summary, since the nucleation of mineral crystal is attributed to the interaction 
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at the inorganic-organic interface between dentine collagen and remineralizing 
media, modification of dentine collagen by a proper way, for example, 
immobilizing DPP or its analogues on collagen to enhance the nucleating ability 
of collagen could provide a new way to facilitate remineralization of 
demineralized dentine.  
 
2.5.4 Development of biomimetic strategies for dentine remineralization  
Inspired by the behaviors of NCPs in mineralization in vivo or in vitro, some 
biomimetic strategies for dentine remineralization have been developed.  
 
Based on in vitro study of role of DPP in mineralization, the first strategy is to 
immobilize DPP or its analogues on collagen in demineralized dentine to facilitate 
remineralization of dentine. However, although DPP has been immobilized on 
different substrates as mentioned above, the immobilization of DPP on dentine 
collagen has not been tried. The practicality of this method is limited because the 
preparation of DPP on a large scale is difficult. Therefore, considering phosphate 
groups are vital for interaction with calcium ions, introduction of phosphate 
groups onto the surface of dentine collagen may induce mineralization of dentine 
collagen, thereby enhancing remineralization of demineralized dentine.  
 
The second strategy is to search for analogues of NCPs in dentine. A successful 
example is casein phosphopeptides (CPP) developed by Reynolds [155]. CPP are 
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derived from the milk protein by tryptic digestion and can stabilize calcium and 
phosphate ions to form CPP-ACP complex in aqueous solution by the sequence 
-Pse-Pse-Pse-Glu-Glu- (Pse, phosphorylated serine), a ‘calcium-binding’ motif 
[156]. The affinity of CPP for the surface of inorganic matrix was indicated by a 
study of the interaction between this motif and HAP surfaces using computer 
simulation techniques [157]. It was also reported that the CPP were 
immunolocalized on the surfaces of bacterial cells as well as the intercellular 
matrix, thus resulting in the incorporation of CPP-ACP complex into plaque and 
onto tooth surface [158]. Therefore, CPP-ACP complex works as a 
calcium-phosphate reservoir on the tooth surface or in plaque (biofilm) to 
maintain a state of supersaturation with respect to enamel mineral, thereby 
depressing enamel demineralization and enhancing remineralization [156]. 
Moreover, it was reported that the presence of CPP-ACP agent on dentine 
surfaces resulted in lower demineralization and higher remineralization in 
comparison with the control samples [159]. Thus, the interaction between CPP 
and inorganic matrix of teeth can facilitate remineralization of dentine in addition 
to enamel.   
 
Polyacrylic acid (PAA) and polyvinylphosphonic acid (PVPA), carboxylic acid 
and phosphonic acid-containing polyelectrolytes, have been recently used to 
remineralize partially demineralized dentine [160]. In this study, combination of 
PAA and PVPA mimicked the dual functions of DMP1, i.e., interaction with ACP 
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and collagen simultaneously. This study indicated that mimicking the duel 
function of DMP1 is a special strategy for remineralization of dentine. 
 
The third strategy is to design small peptides based on understanding the 
relationship between function and structure of NCPs in dentine. One example is a 
synthetic self-assembling oligopeptide (Gln-Gln-Arg-Phe-Glu-Trp-Glu-Phe-Glu-
Gln-Gln) with a β-sheet that can spontaneously form three-dimensional fibrillar 
scaffold [161]. This scaffold acted a calcium ion chelator and/or inhibitor of 
apatite dissolution in the acidic oral environment so as to promote healing of 
dental lesion. The anionic groups of the side-chains would attract calcium ions, 
inducing de novo precipitation of Ca-P mineral from supersaturated solutions in a 
regular array on the surface of fibrils.  
 
The other example is a designation of small peptides (<25aa) based on the 
multiple repeats of DSS in DPP. The (DSS)n (n=2,4,6,8) peptides showed a 
tissue-specific binding to dentine compared with enamel [162]. This could be 
attributed to the fact that dentine shows very different morphologies of HAP 
crystals from those of enamel. Dentine contains smaller, plate-like crystals with 
essentially random orientations, rather than the elongated, well-oriented HAP 
crystals of the enamel surface [163]. Thus, the pretreatment with (DSS)8 
significantly enhanced the effectiveness of a commercially available 
remineralization product in causing the aggregation of mineral at the surface of 
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partially demineralized dentine. The engineered peptides with ability to 
specifically bind to calcified surfaces and to recruit calcium phosphate could offer 
therapeutic interventions for dental caries.      
 
Based on above-mentioned review of the literature, introducing phosphate groups 
onto collagen and using phosphorylated chitosan, an analogue of phosphorylated 
NCPs are considered to be the biomimetic strategies in this study to enhance 
remineralization of demineralized dentine.  
 
2.5.5 Phosphorylation of collagen 
The previous studies indicated that in the presence of phosphate groups, 
phosphoproteins and artificial phosphopeptides show high negative charge and 
thereby attract calcium ions to nucleate. Considering the phosphate groups are 
vital to interact with calcium ions, introduction of phosphate groups onto the 
surface of dentine collagen could be a method to induce mineralization of dentine 
collagen, thereby enhancing remineralization of demineralized dentine. Li et al. 
[164] directly phosphorylated soluble Type I collagen using sodium 
trimetaphosphate (STMP) to induce mineral formation. STMP is a 
phosphorylating agent commonly used in the food industry [165]. It reacts with 
the hydroxyl and amino groups on the soy proteins and introduced phosphate 
groups into protein molecules under an alkaline condition. This method has been 
applied to modify soluble Type I collagen to improve its biocompatibility in 
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medical applications [166]. The mechanism for phosphorylation of serine residue 
of Type I collagen is shown in Fig. 2.4. The introduction of phosphate groups on 
collagen by treatment with STMP mimics the nucleating role of the 
phosphorylated NCPs binding to collagen in vivo.  
 
2.5.6 Phosphorylation of chitosan 
Chitosan is a linear co-polymer of glucosamine and N-acetyl glucosamine in a 
β-1,4 linkage obtained by N-deacetylation of chitin. Chitosan and its derivatives 
have emerged as a new class of novel biomaterials due to their versatile biological 
activity, excellent biocompatibility, and complete biodegradability in combination 
with low toxicity [167-169]. So far, chitosan has been investigated in a wide range 
of biomedical applications such as sutures, wound dressings, bone substitutes, 




















Fig. 2.4 Mechanism for phosphorylation of serine and lysine residues of Type I 






















structure of chitosan is similar to extracellular matrix glycosaminoglycans, it is 
often used for tissue engineering study. Moreover, based on its analogy to the 
mineralized collagen in bone, chitosan has often been associated with HAP that 
shows well established osteoconduction [172, 173]. However, chitosan has not 
been used for remineralization of dental hard tissue in dentistry.  
 
Chemical modifications of chitosan generates the derivatives with new properties 
depending on the nature of the group introduced [174-177]. Among these 
derivatives of chitosan, phosphorylated chitosan (P-chi) exhibits bactericidal [178], 
biocompatible, bioabsorbable, osteoinductive [179-184] and metal chelating 
properties [185, 186]. Recently, several methods have been developed to obtain 
P-chi due to its interesting biological and chemical properties [187]. Among these 
methods, the phosphorylation reaction of chitosan in presence of phosphorous 
pentoxide (P2O5) and methanesulphonic acid was found to be very efficient. 
Water-soluble P-chi with high degree of substitution can be produced using this 
method. In this method [188-190], methanesulphonic acid works as a good solvent 




for chitosan as well as act as efficient catalyst for the esterification reaction. The 
reaction scheme is shown in Fig. 2.5. 
 
Due to the cation-exchange properties of phosphate functionalities [185, 186], 
phosphate groups of P-chi could bind calcium ions to form nucleating sites, which 
may then induce the formation of a calcium phosphate layer. Although the surface 
of native chitosan is positively charged [191], the grafting of anionic groups on 
chitosan can tailor surface charge, thus resulting in strong electrostatic interactions 
to attract calcium ions [191]. Yokogawa et al. reported that P-chi membranes can 
induce the biomimetic deposition of an apatite-like layer under simulated 
physiological conditions, after pre-incubation in calcium-containing solutions, due 
to chelation of calcium ions and partial hydrolysis of phosphate functionalities 
[192, 193]. In these studies, the P-chi membrane worked as an organic matrix 
(scaffold) for mineralization. Interestingly, this mineralization process is similar to 
that of biomineralization in which Type I collagen also work as an organic matrix. 
Moreover, it has been reported that chitosan can be cross-linked to Type I 
collagen [194]. Therefore, based on these previous studies, P-chi could be used to 
enhance remineralization of collagen in dentine caries based on a biomimetic 
strategy. 
 
P-chi also shows antibacterial ability. Hiroshi et al. reported that mouth rising 
containing P-chi would be effective in reducing plaque formation and have a 
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slight ability to enhance plaque buffering capacity [195]. Therefore, P-chi could 
be a multi-functional preventive or therapeutic product for dentine caries.  
  
2.6 Characterization techniques 
2.6.1 Electrical impedance spectroscopy (EIS)      
According to the process of demineralization of dentine, the porosity of dentine 
could be an important parameter to characterize the degree of demineralization or 
even remineralization [196]. This technique is a non-destructive and sensitive 
method to test not only conductive materials, such as metal, alloy and 
semiconductor, but also insulating materials, such as polymer and ceramic. EIS 
can also be used to measure electrical resistance of biological tissues, such as 
dental tissues [197-204], bone [205], skin [206] and, blood cells [207]. Some 
insulators such as structural ceramics [208], polymers [209] and other porous 
materials are good insulators when they are absolutely dry. However, if an 
electrolyte can penetrate into these materials, they will be conductive, allowing 
EIS measurement.  
 
Consequently, based on the regular porous structure of dentine, it is possible to 
use EIS in situ to study the changes in the chemical components and ultrastructure 
of dentine caused by demineralization under simulated carious conditions. In fact, 
these changes in the microstructure are usually associated with variation in the 
chemical constituents. Therefore, for study of dentine demineralization it is 
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necessary to characterize the change in ultrastructure and chemical components by 
using SEM, FESEM, EDX, XRD and EIS. This strategy can provide 
comprehensive and integral insight into microstructural changes of dental tissue 
compared to the application of a single technique. 
 
In the past, direct current [210] and two electrodes [211] were employed in the 
EIS measurements. This approach would give rise to polarization artifacts, where 
the electrodes came in contact with teeth. A fixed frequency was used when 
alternating current was used for EIS [212]. However, when measurements are 
carried out at a fixed frequency, contributions from many different electrical 
processes may arise and few useful conclusions could be drawn from them. 
Besides the one-chamber and three-electrode configuration (Type A) [213], a 
two-chamber and two-electrode configuration (Type B) was also used to measure 
impedance of the dentine. The Type B EIS system has previously been employed 
to test the micro-leakage between dental tissues and restorative materials [214]. 
The apparent resistance of the specimen can be directly obtained by measuring the 




The principle of fourier transform infrared (FTIR) spectroscopy is based on the 
absorption of infrared light by vibrational transitions in covalent bonds. The 
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intensities provide quantitative information about sample contents because the 
frequencies relate to the nature of molecular bonds, their structure, and their 
environment [215]. Thus, it can be used to identify compounds and investigate 
sample composition through analysis of adsorption of peaks of different bonds.  
 
In dentistry, FT-IR spectroscopy has been used to identify inorganic phase (apatite) 
and organic matrix (mainly Type I collagen) [215, 216], recognize conformation 
of collagen [217], and evaluate the demineralization and remineralization of 
dentine [218]. These reports indicated that FTIR can characterize changes in 
inorganic phase and organic matrix during demineralization and remineralization. 
Fourier transform attenuated total reflectance infrared spectroscopy (ATR-FTIR) 
is used to determine the structural information of exterior of substance. Therefore, 
in situ investigation of dentine surface can be carried out with ATR-FTIR and 
powder sample is not necessary. ATR-FTIR has been used to characterize the 
changes in the chemical composition of dentine after exposure to sodium 
hypochlorite and ethylenediaminetetracetic acid (EDTA) [219]. Based on these 
previous reports, ATR-FTIR is useful to characterize demineralization and 
remineralization of dentine in situ.  
 
2.6.3 XRD 
X-ray powder diffraction (XRD) is a rapid analytical technique, which is most 
widely used for phase identification of a crystalline material (e.g. minerals). This 
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technique is based on the observation of the scattered intensity of an X-ray beam 
hitting a sample as a function of incident and scattered angle, polarization, and 
wavelength or energy [220].  
 
According to the pattern of characteristic peaks, XRD can differentiate 
biologically relevant calcium phosphates such as HAP, OCP, and DCPD [220, 
221], while the resolution of the peaks can qualitatively indicate the crystallinity 
of mineral samples. An amorphous phase will cause a broaden peak. The XRD 
results indicated that the main inorganic phase in enamel and dentine is 
calcium-deficient HAP [222]. Since demineralization of dentine will transform a 
crystalline phase to an amorphous phase and remineralization is a reverse process, 
XRD can characterize demineralization and remineralization of dentine through 
reflecting the change in crystallinity of the inorganic phase.  
 
2.6.4 SEM and EDX 
Scanning electron microscopy (SEM) is a traditional method for characterizing the 
morphology of dental hard tissues. SEM can characterize three-dimensional 
appearance, which is useful for understanding the surface structure of a sample. 
SEM images the sample surface by scanning it with a high-energy beam of 
electrons in a raster scan pattern [223].  
 
X-rays, produced by the interaction of electrons with the sample, may be detected 
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in an SEM equipped with energy-dispersive X-ray spectroscopy (EDX). The 
characteristic X-rays are emitted when the electron beam removes an inner shell 
electron from the sample, causing a higher energy electron to fill the shell and 
release energy [223]. These characteristic X-rays are used to identify the 
composition and measure the abundance of elements in the sample. Therefore, 
EDX can show the change of elements during demineralization and 
remineralization of dentine [224]. Most importantly, the Ca/P molar ratio can be 
calculated from EDX results, which is useful to determine the type of mineral 
crystal.  
 
With a field-emission cathode in the electron gun, field emission scanning electron 
microscopy (FESEM) provides narrower probing beams at low as well as high 
electron energy, resulting in both improved spatial resolution and minimized 
sample charging and damage. Hence, FESEM can produce clearer and less 
electrostatically distorted images, providing a higher magnification and quality 
compared with normal SEM. 
 
2.6.5 Zeta potential 
Theoretically, zeta potential is the electric potential in the interfacial double layer 
at the location of the slipping plane versus a point in the bulk fluid away from the 
interface. In other words, zeta potential is the potential difference between the 
dispersion medium and the stationary layer of fluid attached to the dispersed 
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particle [225]. Zeta potential is a function of the surface charge of the particle and 
it reflects the effective charge on the particles, which is related to the electrostatic 
repulsion between them. The values of zeta potential will vary, depending on 
temperature, pH, suspension medium, and particle concentration in the medium 
[225]. 
   
So far, the surface charges of enamel, dentine and collagen have been documented 
using zeta potential technique. The zeta potential of enamel and dentine particles 
is negative. Young et al. reported that the enamel and HAP particles exhibited an 
overall net surface potential of -15 to -30 mV, depending on the buffer content 
[225]. Weerkamp et al. reported that the values of zeta potential of enamel and 
dentine particles were around -18.2 and -11.6 mV, respectively [226]. These 
results indicate that the zeta potential of dentine is smaller that that of enamel. It 
has been reported that the isoelectric point of collagen is about 9.4 [227] so that at 
pH 7.4 the collagen does not exhibit high negative charge. However, the zeta 
potential of completely demineralized dentine (mainly Type I collagen) has not 
been investigated so far. Moreover, the previous research focused mainly on the 
effect of zeta potential on the adhesion of biofilm, whereas its impact on 
remineralization has not been investigated.    
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Chapter 3: 
Hypothesis and Objectives 
 
3.1 The hypothesis of this study 
This study was designed to test the following hypothesis: 
Type I collagen in demineralized dentine can be phosphorylated or analogues of 
phosphorylated NCPs can be used to modify Type I collagen surface in vitro to 
mimick the nucleating role of phosphorylated noncollagenous proteins (NCPs) in 
biomineralization of dentine. This surface-modified Type I collagen may induce 
marked mineralization when exposed to ideal remineralizing conditions.  
 
3.2 The objectives of this study 
The detailed objectives of this study are as following: 
(1) To investigate the changes in structural, chemical composition and surface 
properties of the demineralized dentine and the influence of demineralization on 
subsequent remineralization of dentine. 
 
(2) To mineralize collagen by introducing phosphate groups by STMP treatment 
onto the surface of collagen.   
 
(3) To modify dentine collagen with an analogue of phosphorylated NCPs, P-chi, 
to enhance remineralization of demineralized dentine. 
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Chapter 4: 
Characterization of Acid-Demineralization of Human Dentine 




As stated in Chapter 3, one of the objectives in this study was to investigate the 
changes in structural, chemical composition of dentine during demineralization. 
Thus, in this chapter, ATR-FTIR, XRD, EDX, SEM and FE-SEM were employed 
to examine the morphology, element contents and crystallinity of HAP on the 
dentine surface. EIS was used to monitor the demineralization of process based on 
the change in porosity of samples. In addition, the effect of degree of 
demineralization on remineralization of dentine was investigated. The flow chart 
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4.2 Materials and methods 
4.2.1 Preparation of the specimens and demineralizing solution 
The institutional review board of the National University of Singapore approved 
the collection and use of extracted human teeth for all the experiments conducted 
in this study. Extracted non-carious human third molars without visible evidence 
of cracks, maintained in phosphate buffered saline (PBS) were used in this study. 
The roots and pulps of these teeth were removed, and then serially sectioned 
perpendicular to their long axes by means of Microslice 2 (Metals Research 
Control (n=6) 
Fig. 4.1 Flowchart of the experiments on characterizing dentine demineralization and remineralization 
ATR-FTIR, XRD, SEM, and EDX characterization 
24h-Dem. (n=6) 
Dentine sections (n=30) 
48h-Dem. (n=6) 72h-Dem. (n=6) 0-72h-Dem. (n=6) 
EIS monitoring 
ATR-FTIR, XRD, SEM, and EDX characterization 
24h-Dem. (n=6) 
Dentine sections (n=24) 
72h-Dem. (n=6) 72h-Dem. (n=6) 
(a) Demineralization (Dem.) 
24h-Dem. (n=6) 
Remineralization for 7 days 
EIS monitoring 
(b) Remineralization 
Demineralization of dentine 
 55 
Limited Cambridge England) with a rotating, internal-cutting, copper disc 
impregnated with diamonds (Buehler®, Diamond Wafering Blade, 7.6cm 
Diameter × 0.15mm width, U.S.). This produced dentine sections of 
approximately 1mm in thickness. These dentine sections obtained from the same 
position along the long axes of teeth were used for all the experiments in the study. 
The specimen preparation enabled us to obtain dentine specimen with 
approximately similar diameter and number of dentinal tubules for the same batch 
of measurement. Subsequently, the sections were ground into square shape 
(5mm×5mm) using Phoenix Beta Grinder/Polisher (Wirtz, Buehler, IL, U.S.) with 
special silicon carbide grinding papers (Carbimet®, P1200, Buehler, IL, U.S.). 
Then they were stored in sealed glass containers containing sterile deionized water. 
This allowed any mobile ions to be leached out and prevented bacterial 
contamination. The dentine sections for ATR-FTIR, XRD, SEM and EDX 
characterization were sealed with varnish except for one sectional surface for 
exposure to demineralizing or remineralizing solution. 
 
4.2.2 Demineralization 
The dentine sections were demineralized by immersing the samples in a 
demineralizing solution (one sample/50 ml), placed in a shaker (QT Instruments 
Pte. Ltd, Singapore) at room temperature for 24-72 hour (Fig. 4.1(a)). The 
demineralizing solution, which contained 2.20 mM Ca2+, 2.20 mM PO43+, 0.05 M 
acetic acid, was freshly prepared and was changed every 24 hour. The pH of the 
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demineralizing solution was checked by a pH meter (Orion 720A+, Thermo, 
Electron Corporation, MA, U.S.) and adjusted by adding 1M KOH until a pH of 4 
was obtained [213].  
 
4.2.3 Remineralization 
Remineralization experiments were performed by immersing each dentine section 
with 24-hour or 72-hour demineralization treatment into 30 ml of remineralizing 
solution at 37℃ for 1 week in a shaker (QT Instruments Pte. Ltd, Singapore) (Fig. 
4.1(b)). The remineralizing solution was composed of 50 mM HEPES 
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer solution (pH 7.4) 
(Sigma, Chemical Co. MO, U.S.), 1.50 mM calcium as CaCl2, 0.90 mM 
phosphate as KH2PO4 and 2 ppm fluoride [2]. The remineralizing solution was 
changed every two days to keep its supersaturation with respect to HAP. The 
remineralizing solution’s degree of saturation with respect to HAP 
(DSHAP=log(IP/KHAP)) was 7.71, which was calculated using the computer 
program WATEQ4F (U.S. Geological Survey, Menlo Park, CA, U.S.,  
http://wwwbrr.cr.usgs.gov/projects/GWC_chemtherm/software.htm) [102].  
 
4.2.4 EIS system and its measurement 
In this study, the EIS system was specially designed and fabricated according to 
the principle in Nelly’s study [214] as shown in Fig. 4.2. In this configuration, a 
cell and a 50 ml centrifuge tube (Falcon, BD Biosciences, San Jose, CA, U.S.) 
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constitute the two chambers; two platinum electrodes (Metrohm, Switzerland) 
were placed in each one of them, respectively. First, the dentine section was fixed 
on the 3 mm diameter hole on the cap of the tube by spreading wax around it. 
Then, the leakage of samples was checked by measuring the resistance between 
two chambers. During demineralization process, the demineralizing solution (50 
ml) was placed in a 50 ml centrifuge tube (B set in Fig. 4.2), which was kept in a 
glass beaker enveloped by parafilm (Pechiney Plastic Packaging Company, 
Chicago, IL, U. S.) to keep other side of dentine section waterish as shown in Fig. 
4.2. This demineralization set (B set in Fig. 4.2) was placed in the shaking 
incubator at 37℃. As shown in Fig. 4.2, the cap were first taken off and then 
placed on the 50 ml centrifuge tube in the cell for the EIS measurement at 
different intervals. All the operations and measurements were carried out within a 
work station (NuAire, Inc. Plymouth, MN, U.S.). For the remineralization 
experiment, the 72-hour demineralized samples (n=6) were directly remineralized 
using the same set and the demineralizing solution was replaced with the 
remineralizing solution. Extra 24-hour demineralized samples (n=6) were also 










The principle of EIS measurement was introduced by Nelly et al. [214]. Herein, 
the shape of the impedance spectra is “V” shape in Nyquist plane (i. e. complex 
plane) as shown in Fig. 4.3. At the frequency where the value of G (imaginary 
part) is the lowest (around 1000 Hz), the contribution of the impedance of the 
electrodes is negligible and the real part of the impedance R corresponds to the 
sum of the resistance of electrolyte (Re) and the apparent resistance of specimen 
(Ra). Re was obtained by measuring the impedance at the same frequency, with the 
same cap without the dentin section (Rd=0). Therefore, Ra of specimens 
undergoing different demineralization and remineralization periods could be 






solution (50ml)  
200 ml sterile PBS 
40 ml sterile PBS 






Fig. 4.2: Schematic diagram of the EIS measurement system. A, cell for the EIS system; B, 
demineralization set; 1, platinum electrode; 2, plastic beaker; 3, 50 ml polypropylene conical 
centrifuge tube (Falcon); 4, cap with a dentine section; 5, dentine section.  
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The EIS readings were recorded at different intervals (0, 24, 48 and 72 hour). The 
EIS analysis was carried out using an Autolab PGSTAT 100 (Metrohm, 
Switzerland), while FRA4.9 software (Metrohm, Switzerland) was used to control 
and record measurements. The scanning frequency range was 1 mHz-100 kHz 
which took about 20 min to complete and potential balance before EIS 
measurement took 5 min. The amplitude of the sinusoidal voltage signal was 10 
mV. The FRA software was used to analyze the experimental data.  
 
4.2.5 Characterization  
The dentine sections measured with EIS were not the same as those in SEM, EDX, 
and XRD characterization, but they were all cut from the same location of the 
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Fig. 4.3 Typical impedance curves of a specimen treated with demineralizaion. Re, resistance of 
electrolyte; Ra1, apparent resistance of specimen before treatment; Ra2, apparent resistance of 
specimen after treatment.  
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characterization, the specimens in the same group were first characterized by 
ATR-FTIR, XRD and then by SEM and EDX. ATR-FTIR spectra of the samples 
were recorded in reflection mode using an infrared spectrophotometer 
(SHIMADZU 8400S, Japan). Spectra were collected in the range from 720 to 
4000 cm-1 at 16 cm-1 resolution, with 100-time scans. Each sample was measured 
at 3 different places. The mineral (v3PO43- stretching vibrations, ca.1064 cm-1) to 
organic matrix (C=O stretching vibrations of amide II, ca.1525 cm-1) peak height 
ratios were measured in each spectra in order to calculate quantitatively the degree 
of demineralization and remineralization [159]. The percentages of the degree of 
the demineralization (%DM) and the remineralization (%RM) were calculated 
through Eqution (8) and (9).  
Hp, height of v3PO43- stretching vibrations peak; Ha, height of C=O stretching 
vibrations of amide II; BE, before de-/remineralization treatment; AF, after 
de-/remineralization treatment. 
 
XRD measurements were carried out using a XRD-6000 X-ray diffractometer 
(SHIMADZU, Tokyo, Japan) with Cu Kα radiation. The data were collected in the 
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The surface morphology of the samples was observed by SEM (JSM-5600LV, 
JEOL, Japan) with a beam voltage at 15 kV and FESEM (JSM-6701F, JEOL, 
Japan). The samples were dehydrated using ethanol (at gradient concentration of 
70%, 80%, 90% and 100% for 20 min) and immersed in hexamethyldisilasane that 
was allowed to evaporate slowly as the final chemical dehydration step. The 
samples were sputter-coated with platinum before SEM and EDX characterization. 
A quantitative elemental analysis of Ca and P was carried out by EDX analysis.  
 
4.2.6 Statistical analysis 
Unpaired student’s test with two-tailed distribution was used to compare the 
percentage increase of Ra between 24h-Dem. and 72h-Dem and the degree of 
demineralization (%DM) and remineralization (%DM). groups after 
remineralization using SPSS (Statistical package social sciences) version 12.0 
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4.3 Results of characterizing the demineralization process of 
dentine 
4.3.1 EIS measurement 
With increasing time of demineralization, the average values of Ra of samples 
gradually decreased as shown in Fig. 4.4. Within 24 hour-demineralization, Ra 
declined 27.1%, which could be attributed to the dissolution of the smear layer. 
After 72 hour-demineralization, Ra declined 47.56%. These results indicated that 
the demineralization treatment caused the sample to become more porous with 
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Fig. 4.4 Change in apparent resistance of the dentine specimens measured by the EIS system 
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4.3.2 ATR-FTIR spectroscopic analysis 
Figure 4.5 displayed the typical ATR-FTIR spectra of the samples demineralized 
for different intervals. Fig. 4.5(a) was an ATR-FTIR spectrum of sound dentine 
with a smear layer. In this spectrum, the peak of phosphate groups at 1026 cm−1 
belonging to Ca-P minerals was high and the peak at 870 cm-1 corresponding to 
carbonate group indicated that the natural HAP in dentine was carbonated-rich, 
but the peaks (1643, 1544, and 1241 cm-1) corresponding to the organic matrix 
(mainly Type I collagen) were not very obvious due to the abundant presence of 
inorganic components. In contrast, as shown in Fig. 4.5(d), the obvious peaks at 
around 1643, 1544, and 1241 cm-1 were respectively assigned as amide I, amide II, 
and amide III bands of Type I collagen, while the peak of phosphate groups at 
1026 cm−1 belonging to Ca-P minerals became low. Fig. 4.5(b) and Fig. 4.5(c) 









Fig. 4.5 ATR-FTIR analysis of the surface of dentine section after different 
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showed the transition stage of demineralization. These results indicated that with 
increasing time of demineralization, the inorganic component of the sample 




XRD was used to characterize the degree of demineralization of dentine in this 
study. Fig. 4.6(a) showed the characteristic diffraction peaks of HAP 
corresponding to (002) plane, and overlapping peaks corresponding to (211), (112) 
and (300) planes, indicating that the main crystal content in natural dentine was 
calcium-deficient carbonate-containing HAP. The XRD analysis indicated that the 
main crystal composition on the surface of dentine specimens in the control group 
and 24-hour demineralized group was HAP. With increasing time of 
20 25 30 35 40
(002) 





Fig. 4.6 XRD analysis of the surface of dentine section after different periods of 
demineralization: (a), control; (b), 24 hour; (c), 48 hour; (d), 72 hour. 
2θ/degree 
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demineralization, the samples in the 48 and 72-hour demineralized groups showed 
no diffraction peaks in their patterns, i.e., an ‘amorphous’ pattern, indicating the 
declining crystallinity of the dentine due to the dissolution of the crystal structure 
of HAP caused by the acid ions. These results were consistent with those of 
ATR-FTIR. 
 
4.3.4 SEM and EDX analysis 
The typical cross-sectional and longitudinal SEM micrographs of dentine samples 
after different periods of demineralization including the control samples were 
shown in Fig. 4.7. In Fig. 4.7(a), because of the smear layer covering the dentine, 
the dentinal tubules could not be seen and only the outlines of them could be 
observed as indicated by the arrow. In Fig. 4.7(e), peritubular dentine could be 
clearly differentiated from intertubular dentine as indicated by the arrow. With 
increasing time of demineralization, the smear layer disappeared and the dentinal 
tubules were exposed gradually, with their diameters increasing (Fig. 4.7(b-d)). 
Additionally, it was difficult to differentiate peritubular dentine from intertubular 
dentine (Fig. 4.7(f-h)) as indicated by the arrow. The average diameters of the 
orifices of dentinal tubules at different intervals of demineralization were 
estimated by the Image J software 1.22d (The National Institutes of Health, US, 
http://rsb.info.nih.gov/ij/) as shown in Fig. 4.8. After 72-hour demineralization the 
smear layer and peritubular dentine completely disappeared comparing Fig. 4.7(d) 
with Fig. 4.7(b) and the network of collagen fibrils were also exposed on the 
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surface of intertubular dentine (Fig. 4.7(d) insert), both of which caused the 
specimens to become more porous. The insert in Fig. 4.7(d) showed that the 
profile and structure of collagen were retained. The results of the EDX analysis 
are summarized in Fig. 4.9. The decrease in Ca and P content was slight between 
the control and 24-hour demineralized specimens, but with further increase in 
demineralization time, the decrease in Ca and P content became more substantial. 
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Fig. 4.7 The cross-section and longitudinal SEM micrographs of dentine specimens 
after different periods of demineralization: (a) and (e), control; (b) and (f), 24 hour; (c) 
and (g), 48 hour; (d) and (h), 72 hour. The inserts are SEM micrographs of the same 
region at higher magnification showing the states of peritubular dentine. The arrows 
indicate the orifices of dentinal tubules in Fig. 4(b-d) and the profile of them in Fig. 











4.4 Results of remineralization of demineralized dentine using 
fluoride 
Surface morphology of the partially demineralized dentine sections after 
remineralizaton is shown in Fig. 4.10. Fig. 4.10(c) and Fig. 4.10(d) showed that 
some needle-like crystal clusters formed on the surface of the 72-hour 
demineralized sample and no mineral crystals layer covered the surface of the 
sample. The needle-like morphology could be attributed to the usage of the 































Fig. 4.8 Average diameters of orifices of dentinal tubules after different 
intervals of demineralization estimated by software Image J. 
Fig. 4.9 Calcium and phosphorus content in wt% of the surface of 















Demineralization of dentine 
 69 
forming a layer covered the whole surface of the 24-hour demineralized sample as 
shown in Fig. 4.10(a, b). According to the EDX results, the Ca/P molar ratios of 
the mineral crystal in Fig. 4.10(a) and Fig. 4.10(c) were 1.63±0.05 and 1.60±0.06 
(Ca/P ratio of HAP: 1.67). In addition, as shown in the Fig. 4.10(e) and Fig. 
4.10(f), the results of ATR-FTIR and XRD indicated that the surface of 24-hour 
demineralized sample could be significantly remineralized, whereas that of 
72-hour demineralized sample could not. Also, the EIS result (Fig. 4.11) showed 
that with remineralization treatment, the average Ra of 72-hour demineralized 
sample increased by 9.3% which was significantly less than that of 24-hour 
demineralized sample increasing by 16.67% (p<0.05). This result indicated that 
after remineralization the change in the porosity of 24-hour demineralized sample 
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Fig. 4.10 SEM, ATR-FTIR and XRD results of remineralization of demineralized dentine. (a, b), the 
surface of 24-hour demineralized dentine section after remineralization; (c, d), the surface of the 72-hour 
demineralized dentine section after remineralization; (e), ATR-FTIR spectra of (1): 24-hour demineralized 
dentine section and (2): 72-hour demineralized dentine section after remineralization; (f), XRD spectra of 
(1): 24-hour demineralized dentine section and (2): 72-hour demineralized dentine section after 
remineralization. 
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The change in Ra of dentine specimens due to demineralization could be attributed 
to the structural changes in dentine induced by the change in composition. The 
main change in composition of dentine during demineralization was correlated to 
the dissolution of HAP in the smear layer, peritubular and intertubular of dentine. 
As observed from the Fig. 4.7(a, b), after 24-hour demineralization, the smear 
layer was gradually dissolved, which resulted in a more significant decline of Ra 
since smear layer could obstruct the flow of electrolyte ions.  
 
After 24-hour demineralization, as shown by SEM observation, the smear layer 
was removed, but the demineralization degree of underlayer (peritubular and 
intertubular dentine) was low. The results of EDX and XRD were consistent with 




Fig. 4.11 Change in apparent resistance of the dentine specimens measured by the EIS 
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dentinal tubules were gradually exposed and their average diameters also 
increased. Since peritubular dentine is a more highly mineralized tissue without 
collagen fibrils in contrast to intertubular dentine, the former would eventually 
dissolve completely, resulting in the increase in the diameters of dentinal tubular 
orifice. This increase in the dentinal tubular orifice would allow more and more 
electrolyte to penetrate into the dentinal tubules. In contrast to peritubluar dentine, 
intertubular dentine consists of more collagen fibrils, which formed a network 
perpendicular to dentinal tubules. HAP crystals deposit in the collagen network 
and they are spiculate and plate-like with a length of 20-100nm length and a width 
of 2-3.5nm [229]. After these HAP crystals dissolved, the specimens became more 
porous than before. Therefore, demineralization of the peritubular and intertubular 
dentine caused the dentine sections to be porous, which induced a decrease in Ra.  
 
The results of remineralization of the demineralized sample indicated that the 
remineralization effect was associated with the degree of demineralization. In this 
study, the surface of the sample with a lower degree of demineralization (24-hour 
demineralization) could be significantly remineralized in the presence of fluoride 
in the remineralizing solution. It has been reported that the partially demineralized 
crystal surfaces can act as nucleators on which new mineral crystals grow [1]. 
Fluoride adsorbed on the crystal surface can attract calcium ions, followed by 
phosphate ions, leading to new mineral formation and thereby enhances 
remineralization [1]. Based on these findings, the remineralization results of this 
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study could be attributed to the fact that at the lower degree of demineralization, 
more residual crystal can work as seed crystals to facilitate the nucleation of 
crystal [79]. This result is in agreement with the accepted concept that dentine 
remineralization occurs neither by spontaneous precipitation nor by nucleation of 
mineral on the organic matrix but by the growth of residual crystals in the lesions 
[2]. 
 
It is worth noting that as shown by in the results of demineralization of dentine, 
the profile and structure of collagen were retained (remain unchanged) for a 
certain period after demineralization. Therefore, the collagen matrix would 
provide a scaffold for remineralizaton of dentine if the nucleation sites can be 
formed on the surface. Modification of the collagen matrix by phosphorylation 
treatment and P-chi to enhance the remineralization of dentine will be investigated 
in the subsequent chapters. 
 
4.6 Summary  
The findings on demineralization and remineralization of dentine indicated that in 
the demineralization process, the high surface-area collagen matrix of dentine was 
gradually exposed with increase in mineral loss. The sample with a lower degree 
of demineralization could induce significant remineralization in the presence of 
fluoride, but the samples with higher degree of demineralization did not. Although 
demineralization causes dentine to become porous and soft gradually, the profile 
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and structure of collagen would be retained (remain unchanged) for a certain time, 
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Chapter 5: 
Formation of Calcium Phosphate Crystals on Phosphorylated 
Type I Collagen substrate: In vitro 
 
5.1 Introduction 
As stated in Chapter 4, it was crucial to note that the process of inducing 
mineralization of Type I collagen in situ was significant for the remineralization 
of demineralized dental hard tissue, such as dentine. Therefore, in this chapter a 
Type I collagen model prepared from eggshell membrane (ESM) which has a 
similar network structure as that of dentine-collagen was used to analysis 
phosphorylation and subsequent effect on mineralization in vitro.  
 
ESM, located in the innermost layer of the eggshell, is composed of two layers: 
the outer membrane (OM) and the inner membrane (IM) (Fig.5.1) [230]. The fiber 
in OM is composed of a collagenous core and glycoprotein mantle [231]. It was 
affirmed by immunohistochemical studies that the collagenous core in the OM 
was mainly composed of Type I collagen [230]; therefore, in this chapter the 
fibers in the OM without the glycoprotein mantle removed by pepsin were used 
[230]. The aim of this chapter was to induce mineralization of collagen by 
introducing phosphate groups onto Type I collagen from ESM using STMP. The 
treatment of Type I collagen with STMP was meant to simulate the role of 
phosphorylated NCPs binding to collagen to form phosphorylated collagen as a 
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template for nucleation and growth of apatite in natural hard tissues 
(biomineralization) such as bone and dentine. 
 
 
5.2 Materials and methods 
5.2.1 Eggshell membrane preparation and phosphorylation treatment 
Fresh chicken eggs from the Singapore local supermarket were gently broken, and 
IM and LM were manually removed from eggshell. After immersing the eggshell 
in 1.5 mol/L HCl solution for 1 hour (eggshell from six eggs/250ml), the OM was 
isolated from the eggshell followed by rinsing with deionized water and 
subsequently digested with 0.05% (w/v) pepsin (Sigma, St. Louis, MO) in 0.5M 
acetic acid (Sigma, Chemical Co. USA) for 48h at 37℃ (membranes from six 
eggs/100ml). These membranes then were immersed in 250ml of 0.2M STMP 
(Sigma, Chemical Co. USA) solutions for 24h at room temperature, with the pH 
value adjusted to 11.5 [164-166].   
 
5.2.2 Mineralization 
The treated and untreated collagen membranes with STMP were fixed on plastic 
plates (15mm diameter) with a 3mm diameter hole through which infra-red beam 
Fig. 5.1 A drawing of a cross-section of chicken eggshell. A: cuticle; B: palisade; D: shell 
membranes (o = outer, i = inner). Adapted from [230] 
A 
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traverses during the FTIR measurement. The control group included six plates 
covered with untreated collagen membranes and the treatment group included six 
plates covered with treated collagen membranes. These collagen membranes were 
rinsed with deionized water and then immersed into saturated Ca(OH)2 for 24h at 
37℃ (membranes from six eggs/100ml) in a sealed container and then gently 
washed with deionized water for 3 min. The mineralization of these membranes 
was performed by incubating them in a mineralizing solution of 50 mM HEPES 
buffer solution (pH 7.0) (Sigma, Chemical Co. USA) containing 1.5 mM calcium 
as CaCl2, 0.9 mM phosphate as KH2PO4 [2]. During the mineralization 
experiments, each plate was placed in 30 ml of mineralizing solution at 37℃ for 1 
to 4 weeks. The mineralization solution was changed every two days. The samples 
were later gently removed, washed with deionized water and dried in a chemical 
hood over night before characterization. In order to describe the phosphorylation 
and mineralization of the collagen, the samples were first checked by FTIR, and 
then characterized by XRD, EDX and SEM. 
  
5.2.3 Characterization 
FTIR spectra of the samples were recorded in transmission mode using an infrared 
spectrophotometer (SHIMADZU 8400S, Japan). All spectra were recorded 
between 400 and 4000 cm-1 with a resolution of 16 cm-1 and 100-time scanning. 
The analysis was carried out at room temperature in air. 
 
XRD measurements were carried out on a XRD-6000 X-ray diffractometer 
(SHIMADZU, Tokyo, Japan) with Cu Kα radiation. The data were collected in the 
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2θ range of 20-40◦ at a scan rate of 2◦ per min. 
 
The morphology and microstructure of collagen from ESM and mineral crystals 
on its surface were observed using scanning electron microscopy (JSM-5600LV, 
JEOL, Japan) with a beam voltage at 15 kV and field emission scanning electron 
microscope (JSM-6701F, JEOL, Japan). The samples were dried in a desiccator 
and sputter-coated with platinum before SEM and EDX characterization. A 
quantitative elemental analysis of Ca and P was carried out using EDX at ×1500 
magnification. 
    
5.3 Results 
5.3.1 FTIR spectroscopic analysis 
FTIR spectroscopy was used to identify the phosphorylation of collagen and 
formation of calcium phosphate (Ca-P) mineral. Figure 5.2 displayed the typical 
FTIR spectra of Type I collagen from ESM before and after phosphorylation and 
mineralization. In Fig. 5.2(a), the peaks at around 1673, 1546, and 1245 cm-1 were 
assigned as amide I, amide II, and amide III bands of Type I collagen, respectively. 
After the STMP treatment, weak bands of phosphate group appeared at around 
1088 and 1003 cm-1 in the spectra (Fig. 5.2(b)), indicating the introduction of 
phosphate groups onto collagen. After one-weak and four-week mineralization of 
these fibers, significant peaks of phosphate group appeared at 1033 and 1026 cm-1 
(Fig. 5.2(d) and (e)), which was attributed to Ca-P mineral formation, while no 
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peaks corresponding to phosphate group was found in Fig. 5.2(c), indicating that 
no significant Ca-P mineral formed on the surface of collagen without STMP 
treatment. 
 
5.3.2 SEM and EDX analysis 
The morphology of collagen fibers and mineral on their surface are shown in Fig. 
5.3. As shown in Fig. 5.3(a), collagen fibers from OM comprised a macroporous 
meshwork formed by interwoven and coalescing fibers with diameter ranging 
between 500 nm and 2 µm. After four-week mineralization treatment, no 






Fig. 5.2 FTIR analysis of the surface of type I collagen membrane from ESM: 
(a), control (untreated with STMP); (b), after treatment with STMP; (c), 
four-week mineralization of collagen membrane without STMP treatment; (d), 
one-week mineralization of collagen membrane after STMP treatment; (e), 
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significant formation of mineral crystals was observed on the surface of collagen 
which was not treated with STMP as shown in Fig. 5.3(b). Fig. 5.3(c, d) showed 
the presence of plate-like crystals on the surface of collagen fibers, while 
needle-like crystals are indicated in Fig. 5.3(e, f). 
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The EDX analysis confirmed the presence of phosphorus on the surface of 





Fig. 5.3 SEM micrographs of type I collagen membranes from ESM and mineral crystals on 
their surface. (a), control (untreated with STMP); (b), four-week mineralization of collagen 
membrane without STMP treatment; (c) and (d), one-week mineralization of collagen membrane 
after STMP treatment; (e) and (f), four-week mineralization of collagen membrane after STMP 
treatment. 
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molar ratios between calcium and phosphorus contents of mineral crystal in Fig. 
5.3(c, d) and Fig. 5.3(e, f) were 1.31 and 1.68, respectively, as calculated from the 
EDX analysis. This result could be used to affirm the Types of mineral crystal 
according to stoichiometry, for example, the Ca/P ratio for OCP and HAP is 1.33 
and 1.67, respectively [88]. 
 
5.3.3 XRD 
XRD was used to identify the mineral phase in this chapter. Figure 5.4 showed 
the XRD patterns of the Type I collagen fibers and mineral/fibers hybrids after 
undergoing different periods of mineralization. As shown in Fig. 5.4(a), a broad 
peak indicated that Type I collagen fibers were amorphous, while Fig. 5.4(b) 
indicated no formation of mineral crystals was detected. After one-week 
mineralization, the XRD pattern in Fig. 5.4(c) showed a non-typical characteristic 
diffraction peak of HAP, which could be ascribed to formation of OCP that was 
mainly composition in the mineral layer [221]. Combined with the Ca/P ratio of 
the mineral crystals obtained by EDX, this result indicated that the main crystal 
content was OCP. After four-week mineralization, significant characteristic 
diffraction peaks of HAP corresponding to (211), (112) and (300) planes appeared 
in Fig. 5.4(d), indicating that the main crystal content was HAP, which was also 
affirmed by the Ca/P ratio of the mineral crystals [221]. 
 
 




In a previous study [232], the outer membrane of eggshell membrane (ESM-OM) 
was used as a substrate for calcium phosphate crystallization from a metastable 
solution. However, untreated ESM-OM could induce marked mineralization, 
while pepsin-, guanidine HCl-, collagenase-treated samples did not [232]. This 
result demonstrated that the glycoprotein mantle on Type I collagen core could 
work as a nucleation layer and once removed, the exposed Type I collagen could 
not induce considerable mineralization. Consequently, in our study, Type I 
collagen fibers were obtained by removing NCPs from ESM-OM by the treating 
with pepsin. STMP was employed in our experiment to phosphorylate Type I 
Fig. 5.4 XRD of type I collagen membrane from ESM before and after mineralization: (a), 
control (untreated with STMP); (b), four-week mineralization of collagen membrane without 
STMP treatment; (c), one-week mineralization of collagen membrane after STMP treatment; 
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collagen. STMP is non-toxic, and has been used to phosphorylate soy bean protein 
[164] and soluble Type I collagen [166] under alkaline conditions by generating 
covalent bonds between the phosphate group and hydroxyl or amido groups. 
Furthermore, it was also reported that STMP could be very strongly adsorbed on 
the proteins and was difficult to be removed, which could be attributed to strong 
intermolecular force [233]. This bonding reaction and adsorption of STMP can 
introduce phosphate groups onto the surface of collagen membrane [233]. The 
surface of Type I collagen treated with STMP was shown to induce mineralization, 
while the collagen without such treatment could not induce detectable 
mineralization. The above findings indicated that the phosphate groups introduced 
on the surface of Type I collagen could work as nucleation sites to trigger 
mineralization.    
 
The initial process of mineralization includes homogeneous and heterogeneous 
nucleation. The former occurs spontaneously without preferential nucleation sites 
[234], while the latter involves the formation of nuclei on the surface of a template 
(foreign surface) in aqueous medium [234]. In both homogeneous and 
heterogeneous nucleation, two opposite actions exist when molecules attempt to 
aggregate. On one hand, energy evolution due to the heat of crystallization favors 
crystallization, as energy is released from the aggregating embryo. On the other 
hand, molecular surface enlargement requires energy input to overcome surface 
tension or pressure [235]. Stable nuclei will form only when an activation-energy 
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barrier of crystal-forming reaction, that is the difference between the heat of 
crystallization and the surface energy of intending crystal phase, is overcome (i.e. 
the former is greater than the latter) [138]. On the surface of phosphorylated Type 
I collagen, phosphate groups trapping calcium ions as preferential nucleation sites 
reduced the surface energy of intending crystal phase. This process overcame the 
activation-energy and thus allowing stable nuclei to form. Therefore, the 
mineralization in this chapter is suggested to be a heterogeneous nucleation 
process. The treatment of collagen membranes with saturated Ca(OH)2 before 
incubation in mineralization solution can enhance the formation of Ca-P nuclei on 
collagen fibers. After Ca-P nuclei were formed on collagen membrane, the 
spontaneous growth of Ca-P crystal would occur with increasing incubation time 
by consuming the calcium and phosphate ions.  
 
In the mineralization process, octacalcium phosphate (OCP) was initially formed 
on the surface of collagen and then transformed into HAP as indicated by EDX 
and XRD results. This was because in the solution supersaturated with respect to 
both OCP and HAP, the formation of OCP has precedence over that of HAP, even 
though HAP is more thermodynamically stable [236]. This observation was in 
agreement with Oswald's rule of stages [237] which predicts that the least 
thermodynamically stable phase will be formed initially followed by the 
transformation into phases with increasing stability occurs. Brown et al. proposed 
a mechanism of tooth enamel [238] and bone [236] formation through initial 
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formation of OCP and subsequent precipitation and stepwise hydrolysis of OCP. 
Our study basically mimicked this in vivo process; however, due to a higher 
solubility, the formation of OCP would not be expected when dentine caries is 
remineralized [221]. Therefore, the earlier formation of HAP which is more stable 
than OCP would be significant to resist acid attack so as to obtain a better effect of 
remineralization.  
 
The findings from the experiments in this chapter showed that the chemical 
modification of Type I collagen induced mineralization of the collagen. This 
methodology was relatively simple and more economical than using NCPs to 
induce mineralization of collagen. This methodology may modify the dentine 
collagen and provided a new strategy to treat the demineralization of dentine 
substrate on which Type I collagen is exposed. The next chapter will focus on 
remineralization of dentine collagen and partially demineralized dentine by 
phosphorylation of dentine collagen.   
 
5.5 Summary 
Phosphate groups were introduced on non-soluble Type I collagen from ESM by 
treatment with STMP. This process mimicked the nucleating role of 
phosphorylated NCPs bound to collagen in vivo. The phosphorylation of collagen 
by chemical modification facilitated mineralization of Type I collagen in vitro.  
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Chapter 6: 
Biomimetic Remineralization of Partially Demineralized 
Dentine Substrate with Phosphorylation of Dentine Collagen 
 
6.1 Introduction 
In this chapter, completely and partially demineralized dentine sections were 
remineralized based on the biomimetic strategy: phosphorylation of collagen and 
saturated Ca(OH)2 treatment proposed in the Chapter 5. The inclusion of 
saturated Ca(OH)2 treatment was expected to enhance the development of Ca-P 
precursor sites that created favorable conditions for the growth of mineral crystals 
[239].  
 
According to the classical nucleation theory [138], remineralization of dentine 
substrate is triggered by heterogeneous nucleation of crystal. This process requires 
the surface of the substrate to contain areas of high local charge where 
electrostatic, dipolar and hydrogen bonding interactions can take place during 
nucleation because the chemical bonding at the surface of mineral nuclei is 
primarily ionic [138]. Additionally, the interfacial free energy is an important 
factor in the regulation of mineralization [141]. However, the influence of surface 
properties of dentine on the effect of remineralization had not been investigated in 
detail. Therefore, in this chapter the influence of zeta potential, Lewis base (γ-) 
and interfacial free energy of dentine substrate and aqueous solution on 
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remineralization of partially demineralized dentine was investigated. The 
components of surface free energy and interfacial free energy were calculated 
based on the measurement of contact angle. Moreover, EIS measurement was 
used to monitor the remineralization of partially demineralized dentine. In 
addition, in order to facilitate the formation of HAP, remineralizing solution with 
pH 7.4 was used in this chapter [247]. 
 
In this chapter, completely demineralized dentine (mainly dentine collagen) with 
phosphorylation would firstly be tested for its ability to induce mineralization and 
then partially demineralized dentine would be tested. The flowchart of the 
remineralization experiments and characterization is shown Fig. 6.1 and Fig. 6.2. 
Completely demineralized dentine sections (n=24) 
 A: Control (n=6) B: Non-pretreatment (n=6) D: STMP + Ca(OH)2 
treatment (n=6) 
Fig. 6.1 Flowchart of mineralization of completely demineralized dentine 
(mainly dentine collagen)  
ATR-FTIR, XRD, EDX and SEM characterization 
C: STMP treatment 
(n=6) 
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6.2 Materials and methods 
6.2.1 Preparation of dentine collagen and partially demineralized dentine 
sections  
The dentine sections were obtained by the method in section 4.2.1 of Chapter 4. 
Fig. 6.2 Flowchart of remineralization of partially demineralized dentine   
Partially demineralized dentine sections (n=18) 
A: Control (n=6) C: STMP and saturated  
Ca(OH)2 treatment (n=6) 
EIS monitoring 
(b) EIS measurement  
Remineralization 
treatment with fluoride 
Remineralization  
treatment without fluoride  
B: Not pretreated (n=6) 
Treated with HEPES 
buffer solution 
Demineralization treatment 
Remineralization treatment  
without fluoride  
Partially demineralized dentine sections (n=18) 
 A: Control (n=6) C: STMP + Ca(OH)2 pretreatment (n=6) 
Remineralization treatment  
with fluoride  
(a) Remineralization 
ATR-FTIR, XRD, EDX and SEM characterization 
 B: Non-pretreatment (n=6)  
Dentine sections (n=18) 
Contact angle measurement (n=6)  
Contact angle measurement (n=6)  
Contact angle measurement 
(before Ca(OH)2 treatment) 
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Twenty four dentine sections were prepared and completely demineralized for this 
investigation. During experiment, each dentine section was demineralized in 40 
ml of 0.5M EDTA solution at pH 7.0 for seven days, which was operated in a 
shaker (QT Instruments Pte. Ltd, Singapore) at room temperature [2]. These 
sections were characterized by ATR-FTIR to confirm whether they were 
completely demineralized. Followed by rinsing with deionized water for 30 min, 
the demineralized dentine section was immersed in 20 ml of 1M NaCl (pH 7.0) at 
a room temperature for 1h. With 30-minute rinse, the sample was subsequently 
digested with 20 ml of 0.05% (w/v) pepsin (Sigma, St. Louis, MO) in 0.1M acetic 
acid (Sigma, Chemical Co. USA) for 8 hr at 37  in a shaker [℃ 230]. The 
treatments of 1M NaCl and pepsin can remove a major part of soluble and 
immobilized NCPs in dentine [2]. Pepsin treatment also can prepare partially 
degraded collagen surface which is similar to that in carious dentine in vivo as 
indicated by the electrophoresis results [240]. The demineralization degree of the 
surface of these samples was qualitatively characterized by ATR-FTIR. 
 
For preparing partially demineralized dentine, dentine sections (n=18) were 
demineralized by immersing the samples into demineralizing solution (one 
sample/50 ml), which was put in a shaker (QT Instruments Pte. Ltd, Singapore) at 
room temperature (25℃) for 72 hour. The demineralizing solution was changed 
every 24 hour. The demineralizing solution was prepared by the method in section 
4.2.2 of Chapter 4. The demineralization degree of the surface of these dentine 
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sections were characterized by ATR-FTIR. For EIS measurement, other eighteen 
dentine sections were prepared and demineralized as shown in the section 4.2.4 of 
Chapter 4. 
 
6.2.2 Phosphorylation treatment 
The phosphorylation treatment was carried out by immersing completely and 
partially demineralized dentine sections in 40ml of 0.2M STMP (Sigma, Chemical 
Co. USA) solution at pH 11.5 [164-166] for 24 hours, which was placed in a 
shaker at room temperature. After these samples were rinsed with deionized water 
for 3 min, ATR-FTIR was used to confirm the phosphate groups introduced on the 
surface of completely demineralized dentine section. The Ca(OH)2-treatment was 
carried out by immersing dentine sections in 10 ml of saturated calcium hydroxide 
solution (ca. 0.027mol/L) for 24 hour at 37  ℃ in a sealed container and then the 
samples were rinsed with deionized water for 3 min. 
 
6.2.3 Preparation of sample particles and phosphorylation treatment 
The outer surface of dentine section was ground using Phoenix Beta 
Grinder/Polisher (Wirtz, Buehler, U.S.A) with special silicon carbide grinding 
papers (Carbimet®, P1200, Buehler, U.S.A). The dentine particles were collected 
from the particle-containing cooling water [225]. The particles were washed with 
deionized water and dried in a chemical hood for zeta potential measurement 
[225]. The dentine collagen particles were obtained by demineralization of dentine 
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particles in 0.5M EDTA solution at pH 7.0 for 72 hours (1g dry dentine 
particles/50ml), which was operated in a shaker (QT Instruments Pte. Ltd, 
Singapore) at room temperature. These particles were characterized by ATR-FTIR 
to confirm complete demineralization. Followed by rinsing with deionized water 
for 30 min, the dentine particles were immersed in 1M NaCl (pH 7.0) solution (1g 
dry dentine particles/20ml) at a room temperature for 1 hour. With 30-minute 
rinse, the sample was subsequently digested in 0.05% (w/v) pepsin (Sigma, St. 
Louis, MO) in 0.1M acetic acid (Sigma, Chemical Co. USA) for 8 hours at 37  ℃
in a shaker (1g dry dentine particles/20ml) [230]. The method of phosphorylation 
of these collagen particles were described earlier in section 2.2 of this chapter. 




The samples were randomly assigned into four groups in Fig. 6.1 and three in Fig. 
6.2. Each group had six samples. The control samples were not treated with 
phosphorylation or remineralization. Remineralization experiments were 
performed by immersing each sample into 50 ml of remineralizing solution at 
37℃ for 1 week in a shaker (QT Instruments Pte. Ltd, Singapore). The 
remineralizing solution was composed of 50 mM HEPES buffer solution (pH 7.4) 
(Sigma, Chemical Co. USA), 1.50 mM calcium as CaCl2, and 0.90 mM phosphate 
as KH2PO4 [2]. The fluoridated remineralizing solution was prepared by adding 2 
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ppm sodium fluoride into the remineralizing solution. The remineralizing solution 
was changed every two days. After remineralization, the samples were washed 
with deionized water for 3 min and then characterized by various methods.  
 
6.2.5 Characterization 
In order to characterize phosphorylation and remineralization of the samples, 
these samples were first checked by ATR-FTIR and XRD and then were 
characterized by EDX and SEM.  
 
ATR-FTIR and XRD measurements were carried out using the same parameter in 
the section 4.2.5 of Chapter 4. The surface morphology of the samples was 
observed using the same protocol in the section 4.2.5 of Chapter 4. 
 
In order to reduce variability and to use the dentine as its own control, the contact 
angles were measured on the same samples before and after treatment. Before the 
contact angles measurement, the samples were first immersed in 30% ethanol for 
5 min [141], and dried in a chemical hood for one min. The contact angles of three 
liquids: deionized water, diiodomethane and formamide on the sample surface 
were measured at constant temperature (22℃) using a goniometer equipped with 
the system of drop-shape analysis (Kruss, Germany). The contact angle of water 
was first measured. Next, after the treatment of immersion and drying mentioned 
above, the contact angle of other liquid was measured. To remove the 
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contamination of diiodomethane and formamide, the surface of the samples were 
washed for 1 min using pure ethanol before phosphorylation and remineralization 
treatment. Each contact angle determined was the average of minimum 10 
measurements. The surface energy components, Lifshitz-van der Waals apolar 
electrodynamic forces (γLW), Lewis acid (γ+, electron-acceptor) and Lewis base (γ-, 
electron-donor), were obtained using Equation 6 as follows [141]. 
The surface energy components and parameters of the liquids used are listed in 
Table 6.1. The interfacial energy γSL between condensed materials (S) and 
aqueous phase (L) can be calculated from Equation 7 [141]: 
The zeta potential of the dental tissue and commercial HAP (Sigma, Chemical Co. 
USA) particles was measured by zeta potential analyzer (Zeta Plus zeta potential 
analyzer, Brookhaven Corporation). The dried particles (10 mg) were first 
suspended in 1 ml of 50 mM HEPES buffer solution (pH 7.4), saturated calcium 
hydroxide (pH 12.5) and sodium hydroxide (pH 12.5). This solution was sonicated 
(S-30H, EIma, Germany) to obtain homogeneous suspension before the 
measurement. Each kind of particles was measured six times.  
 
The remineralization of samples was monitored using the EIS technique as 
described in the section 4.2.4 of Chapter 4. The demineralizing solution in B set 
(Fig. 4.2) was replaced with remineralizing solution. Here, EIS measurement was 
(1+cosθ) γL=2[(γSLWγLLW)1/2 + (γS+γL-)1/2 + (γS-γL+)1/2]              (6) 
γSL=[(γSLW)1/2 - (γLLW)1/2]2 + 2[(γS+γS-)1/2 + (γL+γL-)1/2 - (γL+γS-)1/2 - (γS+γL-)1/2]     (7) 
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able to monitor the change in porosity of the samples undergoing remineralization, 
which would support the results of other characterizations.  
 
6.2.6 Statistical analysis 
Unpaired student’s test with two-tailed distribution was used to compare values of 
γ
-
, γSL and zeta potential of the samples before and after phosphorylation using 
SPSS (Statistical package social sciences) version 12.0 (SPSS, Inc. Chicago IL, 
USA). The significance of differences among the percentage increase of Ra in 
different groups was determined by one-way analysis of variance (one-way 
ANOVA) and pairwise Tukey's test using SPSS. The level of statistical 
significance was set at 5%. 
 
6.3 Results  
6.3.1 Mineralization of dentine collagen 
6.3.1.1 FTIR spectroscopic analysis 
The ATR-FTIR was used in this study to determine phosphorylation of collagen 
and formation of Ca-P mineral. Figure 6.3 displayed the typical ATR-FTIR 
spectra of Type I collagen from dentine before and after phosphorylation and 
remineralization treatments. In Fig. 6.3(a), the peaks at around 1641, 1546, and 
1243 cm-1 are assigned as amide I, amide II, and amide III bands of Type I 
collagen, respectively. It was reported that both types of collagen exhibited 
adsorptions at 1033 and 1083, which arise from the carbohydrate moieties 
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attached to the protein [241]. After the STMP treatment, weak bands of phosphate 
appeared at around 1003 and 1088 cm-1 in the spectra (Fig. 6.3(b)), indicating the 
introduction of phosphate groups onto collagen. The samples in group D showed a 
significant peak corresponding to the phosphate group at 1026 cm-1 (Fig. 6.4(c)), 
which was attributed to Ca-P mineral formation, while the samples in group B did 
not show this peak (Fig. 6.4(a)). Compared with group D, the peak corresponding 
to the phosphate group was lower in group C (Fig. 6.4(b)), which can be 
attributed to the decreased formation of Ca-P minerals. 
 
4500 4000 3500 3000 2500 2000 1500 1000 500
Fig. 6.3 ATR-FTIR analysis of the surface of dentine collagen before and after STMP 
treatment: (a), completely demineralized dentine collagen; (b), dentine collagen with 















The XRD patterns of the samples in groups D showed the characteristic 
diffraction peaks of HAP corresponding to (002) plane, and overlapping peaks 
corresponding to (211), (112) and (300) planes, indicating the significant 
formation of calcium-deficient HAP (Fig. 6.5). The samples in groups B and C 
did not show the characteristic diffraction peaks, which indicated that no 
significant mineralization occurred. 
4500 4000 3500 3000 2500 2000 1500 1000 500
Fig. 6.4 ATR-FTIR analysis of the surface of dentine collagen after mineralization 
treatment: (a), mineralization of dentine collagen in B group; (b), mineralization of 
collagen with STMP treatment in C group; (c), mineralization of dentine collagen 
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6.3.1.3 SEM and EDX analysis 
Figure 6.6(a) showed the untreated surface of dentine collagen in group A. No 
observable mineral crystals could be detected on the surface of samples in group 
B (Fig. 6.6(b)), while in group C scattered mineral crystals could be found (Fig. 
6.6(c)). The sample in group D showed significant degree of mineralization (Fig. 
6.6(d)). This sandwich-like pattern indicated that the two outer layers were well 
mineralized, while the middle layer was less mineralized. This observation was 
further confirmed by the typical EDX result shown in Fig. 6.6(e, f). In group D, 
the Ca/P molar ratios of the mineral crystal in the outer layers were 1.59±0.05 and 
1.52±0.03 (n=3), respectively, indicating that these mineral crystals were 
20 25 30 35 40
2θ 
Fig. 6.5 XRD of the samples before and after mineralization treatment. (a), control: 
completely demineralized dentine collagen; (b), mineralization of dentine collagen in 
B group; (c), mineralization of dentine collagen with STMP treatment in C group. (d), 







(211), (112) and (300)  
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calcium-deficient HAP, while in the middle layers calcium and phosphorus 
elements were trace ingredients. Ultrastructural examination of samples by 
Fig. 6.6 SEM and EDX results of mineralization of dentine collagen. (a), control, 
completely demineralized dentine collagen in A group; (b), mineralization of non-pretreated 
dentine collagen in B group; (c), mineralization of dentine collagen with STMP pretreatment 
in C group; (d), cross-section of mineralization of dentine collagen with STMP and Ca(OH)2 
pretreatment in D group; the insert in (d) is a highly magnified image showing mineral 
particles covering the whole surface of the sample; (e) and (f), EDX results corresponding to 
the areas in (d) labeled with ‘e’ and ‘f’ indicating different contents of calcium and 
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FESEM showed clusters of mineral crystals on the surface of dentine collagen in 
group D (the insert in Fig. 6.6(d)).  
 
6.3.2 Remineralization of partially demineralized dentine  
6.3.2.1 FTIR spectroscopic analysis  
 
The presence of residual mineral crystals remaining on the sample surface after 
demineralization could affect the determination of phosphorylation of collagen by 
ATR-FTIR method. Hence, for partially demineralized dentine ATR-FTIR was 
only used to identify the formation of Ca-P minerals on the surface of the samples. 
Figure 6.7 displayed the typical ATR-FTIR spectra of the samples before and 
4000 3500 3000 2500 2000 1500 1000 500
1544 
Fig. 6.7 ATR-FTIR analysis of the surface of dentine section: (a), control (Group A): 
partially demineralized dentine section; (b), the sample after remineralization using 
fluoridated remineralizing solution (Group B); (c), the sample with STMP and saturated 
Ca(OH)2 pretreatment after remineralization using non-fluoridated remineralizing solution 
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after remineralization treatments. Fig. 6.7(a) showed the characteristic peaks at 
around 1643, 1544, and 1241 cm-1 which were assigned as amide I, amide II, and 
amide III bands of Type I collagen, respectively, while the phosphate groups 
belonging to Ca-P minerals could not be distinctly identified. This result indicated 
that the surface of the samples in group A was mainly composed of Type I 
collagen. The samples in groups B and C showed significant peaks corresponding 
to phosphate group at 1026 cm−1 (Fig. 6.7(b, c)), which could be attributed to the 
formation of Ca-P minerals. Compared with the samples in group B, the samples 
in group C showed a higher peak of phosphate group and lower peaks of organic 
matrix, which indicated that the samples in group C were more significantly 
remineralized than those in group B. Fig. 6.7(d) showed an ATR-FTIR spectrum 
of a sound dentine with a smear layer. In this spectrum, the peak at 870 cm-1 
corresponding to carbonate group indicated the natural carbonated HAP in dentine. 
When comparing the Fig. 6.7(c) with Fig. 6.7(d), it was found that the newly 
formed Ca-P mineral crystals on the surface of sample in group C were none in 
carbonate groups. This finding indicated that the composition of the newly formed 
mineral layer on the surface of dentine is different to that of the smear layer.  
 
6.3.2.2 XRD  
XRD was used to identify the mineral phase in this study. In Fig. 6.8(a), the 
broader and shorter peak between 30° and 35° indicated that the inorganic phase 
on the surface of the samples in Group A lost the crystal lattice, while the broader 
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peak at around 20° indicated that the presence of collagen on the sample surface. 
The XRD pattern of the sample in group B (Fig. 6.8(b)) approached an 
amorphous state. In contrast, the XRD pattern of the sample in group C (Fig. 
6.8(c)) showed the characteristic diffraction peaks of HAP corresponding to (002) 
plane, and overlapping peaks corresponding to (211), (112) and (300) planes, 
indicating that the main crystal content was calcium-deficient HAP. This XRD 
pattern was very to similar to that of sound dentine as shown in Fig. 6.8(c) and 
Fig. 6.8(d).  
 
 
6.3.2.3 SEM and EDX analysis 
The ultra-structure of the partially demineralized dentine before and after 
20 25 30 35 40
Fig. 6.8 XRD of the surface of dentine section: (a), control (Group A): partially 
demineralized dentine section; (b), the sample after remineralization using 
fluoridated remineralizing solution (Group B); (c), the sample with STMP and 
saturated Ca(OH)2 pretreatment after remineralization using non-fluoridated 
remineralizing solution (Group C); (d), sound dentine section with a smear layer. 
(002) 
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remineralizaton is shown in Fig. 6.9. As shown in Fig. 6.9(a, b), after 
demineralization treatment the smear layer was removed and the orifices of 
dentinal tubes was exposed. The high magnified FESEM image showed the 
collagen network (the insert in Fig. 6.9(a)). The EDX results showed that the 
content of calcium decreased from 28.21±2.23% (wt%, n=6) to 2.31±1.23% (wt%, 
n=6), which further highlighted that the inorganic components on the surface of 
dentine were removed and organic matrix (mainly Type I collagen) was exposed 
after the demineralization treatment. Fig. 6.9(c, d) showed that some needle-like 
crystal clusters formed on the surface of the sample in group B and no mineral 
crystal/layer covered the sample surface. The needle-like morphology could be 
attributed to the inclusion of fluoride [228]. In contrast, rod-shaped crystals 
forming a layer that covered the whole surface of the sample in group C was 
shown in Fig. 6.9(e, f). According to the EDX findings, the Ca/P molar ratio of 
the mineral crystals in Fig. 6.9(e) was 1.62±0.05 (Ca/P ratio of HAP: 1.67). This 
value, combined with the XRD pattern (Fig. 6.9(c)), indicated that these mineral 













Fig. 6.9 SEM results of remineralization of partially demineralized dentine collagen. (a, b), 
the surface of partially demineralized dentine section; (c, d), the surface of the sample after 
remineralization using fluoridated remineralization solution; (e, f), the surface of the sample 
with STMP and saturated Ca(OH)2 pretreatment after remineralization using non-fluoridated 
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6.3.2.4 Contact angles, surface free energy and interfacial free energy  
The contact angles formed by different liquids on the samples are listed in Table 
6.2. Based on these contact angle measurements, the surface free energy 
components and interfacial free energy of the samples and aqueous medium were 
calculated through Equation 6 and 7, which were listed in Table 6.3. As shown in 
Table 6.3, γ- decreased after demineralization and then increased with 
phosphorylation (p<0.05). In contrast, γSL increased after demineralization and 





Liquid γTOT γLW γAB γ+ γ- 
Water 72.8 21.8 51 25.5 25.5 
Diiodomethane 50.8 50.8 0 0 0 





 Water Diiodomethane Formamide 
Dentine 55±1.5 42±2.6 41±2.5 
Demineralized dentine 68±2.3 48±2.0 50±1.9 
STMP demineralized 
dentine 






Sample γLW γ+ γ- γSL 
Dentine with a smear layer 38.59±2.33 0.58±0.16 23.43±1.81a 4.17±1.25a 
Demineralized dentine 35.38±1.86 0.64±0.11 13±2.23a,b 13.90±2.08a,b 
Phosphorylated demineralized 
dentine 
37.01±2.19 0.38±0.06 20.9±2.01b 6.23±1.06b 
The same letters represent data with statistically differences (p<0.05). 
Table 6.1 Surface free energy components and parameters of the liquids used in 
contact angle determination at 20℃, in mJ/m2 [16] 
Table 6.2 The contact angles (°) of different liquids on the samples (n=6) 
 
Table 6.3 Surface free energy components (in mJ/m2) and interfacial free energy (in 
mJ/m2) of the samples with water at 22℃ (n=6) 
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6.3.2.5 Zeta potential 
The zeta potential values of the samples in different solution were listed in Table 
6.4. As shown in Table 6.4, the commercial HAP and dentine particles showed 
higher negative charge at pH 12.5 than at pH 7.4; however, in the presence of 
calcium ions the commercial HAP and sound dentine particles showed positive 
charge at pH 12.5. This result was consistent with the finding by Doss [256] and 
affirmed the fact that the positive charge of HAP in alkaline solutions was due to 
the specific adsorption of calcium ions on HAP particles. Compared with the 
sound dentine, the completely demineralized dentine collagen presented less 
negative charge at pH 7.4. The phosphorylation treatment caused the dentine 
collagen to show relatively higher negative charge at the same pH value. 
Furthermore, the phosphorylated dentine collagen showed higher negative charge 
at pH 12.5 than at pH 7.4, while in the presence of calcium ions the zeta potential 
value of the phosphorylated dentine collagen reversed to positive charge.  
The same letters represent data with statistically differences (p<0.05). 
 









Commercial HAP  -17.8±2.3 8.5±3.6 -25.7±4.3 
Sound dentine -12.3±1.7a 7.6±1.5a -21.0±3.6a 
Dentine collagen -1.3±0.90a,b -3.5±1.2a,b -6.7±2.3a,b 
Phosphorylated dentine 
collagen 
-9.6±3.2b 0.73±0.30b -16.2±3.3b 
Table 6.4 Zeta potential (in mV) of the samples in different solution (n=6) 
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adsorbed on to the Stern plane, the zeta potential would be altered [256]. These 
results indicated that calcium ions specifically interacted with phosphate groups of 
HAP or phosphorylated collagen under alkaline condition, whereas sodium ions 
did not. 
 
6.3.2.6 EIS measurement 
As shown in Fig. 6.10, after 168-hour remineralization, the average values of Ra 
of the samples in Group A and Group B increased by 0.5% and 10.8%, 
respectively, which were significantly less than that of the samples in Group C 
increasing by 28.6% (p<0.05). The increase in Ra was mainly attributed to the 
reduction of porosity of intertubular dentine after remineralization. The higher 
increasing percentage of Ra of treatment samples indicated that compared usage of 
fluoride, the STMP and saturated Ca(OH)2 treatment can more significantly 
decrease the porosity of the samples after remineralization. 
Fig. 6.10 Change in apparent resistance (Ra) of the dentine specimens measured by EIS 
system during remineralization. The samples in Group A were not remineralized; the 
samples in Group B was remineralized using fluoridated remineralizing solution; and the 
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6.4 Discussion 
In this study, EDTA and NaCl treatment could remove most soluble NCPs, while 
pepsin treatment may not completely remove NCPs covalently bonded to dentine 
collagen as indicated by some studies [2]. However, the finding that the dentine 
collagen used in this study was not able to induce marked mineralization 
eliminated the confounding role of NCPs in remineralization. This result was 
agreement with the report that remineralization of dentine collagen was inhibited 
when 90% of the ‘organic phosphate’ of dentin collagen was removed [102]. Thus, 
in this study the dentine collagen which was not able to induce mineralization 
spontaneously was used to test whether re-introduction of phosphate groups onto 
dentine collagen can lead to the formation of new nucleating sites and 
mineralization. The ATR-FTIR result indicated that the phosphate groups can be 
introduced onto the surface of dentine collagen by STMP treatment. In the 
experiment of the mineralization of dentine collagen, the samples with STMP and 
saturated calcium hydroxide treatment (Group D in Fig. 6.1) showed significant 
mineralization of the completely demineralized dentin collagen. However, the 
phosphorylated dentine collagen without saturated calcium hydroxide treatment 
(Group C in Fig. 6.1) could not induce significant mineralization. This result was 
in agreement with the notion that phosphorylated serine and other small organic 
molecules linked to substrates did not considerably induce mineralization [245]. 
In contrast, the phosphoproteins covalently bonded to a collagen matrix promoted 
mineralization, which could be related to the three-dimensional organization of 
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the molecules and the arrangement of the phosphate groups [245].  
 
The use of calcium hydroxide was based on two proposed notions: (1) during 
nucleation, calcium ions are first adsorbed on functionalized surface, followed by 
the adsorption of phosphate ions [246]; (2) under an alkaline condition, phosphate 
groups can be ionized to result in high negative charge. It was reported that the 
isoelectric point of collagen is about 9.4 [227], and at pH 7.4 collagen will not 
exhibit high negative charge. In this study, the results of zeta potential (Table 6.4) 
indicated that the pure dentine collagen showed negative charge due to the 
presence of carboxyl groups at pH 7.4 and pH 12.5, while the phosphorylated 
dentine collagen showed significantly higher negative charge at the same pH 
values (p<0.05) and consequently attracted more calcium ions especially at higher 
pH value. Therefore, the phosphorylation combined with Ca(OH)2-pretreatment 
enhanced the nucleation ability of dentine collagen. Since the surface of dentine 
collagen was well remineralized with phosphorylation combined with 
Ca(OH)2-pretreatment and the surface of partially demineralized dentine was 
mainly composed of Type I collagen matrix with less inorganic component as 
indicated by the results from ATR-FTIR (Fig. 6.7(a)) and XRD (Fig. 6.8(a)), this 
methodology was next used to remineralize partially demineralized dentine on 
which a superficial lesion occurred.  
 
In contrast to the preparation of dentine collagen, the preparation of partially 
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demineralized dentine was carried out using acetic acid instead of EDTA, which is 
more similar to natural carious induced by organic acid. The ATR-FTIR, XRD, 
SEM and EIS findings vividly indicated that the untreated surface of partially 
demineralized dentine (Group B in Fig. 6.2) could not induce significantly 
remineralization in the presence of fluoride in the remineralizing solution. This 
result could be attributed to the fact that the action of fluoride primarily aims at 
the growth of the residual mineral crystals in the demineralized dentine. Thus, 
fewer amounts of residual mineral crystals on the surface of partially 
demineralized dentine could not induce significant remineralization even in the 
presence of fluoride. This observation was in agreement with the finding by Klont 
et al. [79]. In addition, it was reported that HAc-demineralized dentine could not 
be remineralized since some soluble NCPs left in the dentine were believed to 
inhibit remineralization [2]. In contrast, the phosphorylation combined with 
Ca(OH)2-pretreatment induced significant remineralization of the surface of the 
dentine samples demineralized by HAc in Group C (Fig. 6.2). Therefore, this 
biomimetic method is able to compensate for the negative effect of the lack of 
residual mineral crystals and the soluble NCPs on remineralization. In order to 
understand the rationale of the biomimetic method, the surface property of the 
samples were investigated in this study. 
 
The surface free energy parameter, Lewis base (γ-) reflects the nucleation ability 
of the surface of partially demineralized dentine [142]. It was suggested that a 
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relatively high value of γ- could result in a reduced free energy barrier due to 
electrostatic and Lewis acid-base interactions across the interface [142]. In 
addition, since γ- was associated with negative zeta potential, the low negative 
zeta potential of pure dentine collagen at pH 7.4 indicated that the pure dentine 
collagen had a low γ-, and this signifies the poor nucleation ability of collagen at 
pH 7.4. With more relatively strong polar HAP (ca. 79% by weight) covering 
weak polar collagen [17], the surface of sound dentine showed relative higher γ- 
and negative charge, but due to the exposure of surface collagen, the surface of 
partially demineralized dentine showed lower γ- and less negative charge and thus 
resulted in poor nucleation ability. In this study, the phosphorylation introduced 
polar functional groups onto the collagen and thus increased value of γ- and 
negative charge on the surface of partially demineralized dentine, which leaded to 
a significant remineralization compared with control samples.  
 
Apart from the surface property of dentine, the interfacial free energy between the 
aqueous media and the solid phases also can influence the crystal nucleation [143]. 
The findings in this study showed the phosphorylation decreased the interfacial 
free energy of the partially demineralized dentine with aqueous medium and 
resulted in a significant remineralization effect. It was proposed by Nancollas et al. 
that a smaller interfacial free energy between the aqueous media and the solid 
phases could lead to a greater tendency to be nucleated either on itself or on 
foreign surfaces (i.e. heterogeneous nucleation) [257]. With relatively low 
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interfacial free energy, small thermodynamic driving force, which cannot 
spontaneously induce homogenous nucleation, can result in heterogeneous 
nucleation [257]. 
 
These understandings on the influence of Lewis base (γ-) and the interfacial free 
energy on crystal nucleation could explain why dentine remineralization occured 
neither by spontaneous precipitation nor by nucleation of mineral on the organic 
matrix but by growth of residual crystals (inorganic matrix) in the lesions. That is, 
the surface properties and interfacial free energy of organic matrix (mainly Type I 
collagen) of demineralized dentine did not favor the mineral crystal nucleation. 
This corresponded with the finding that at a similar condition, the mineral crystals 
were significantly formed on the etched enamel but not on the etched dentine 
[228]. This observation also could be attributed to the difference in surface 
properties and interfacial free energy between the etched enamel and dentine. 
Based on these in vitro studies, it could be speculated that in the biomineralization 
of dentine, certain NCPs bound to collagen could modify the surface properties of 
collagen and thereby form a favorable surface for heterogeneous nucleation. In 
vitro phosphorylation of collagen in dentine lesion mimicked the role of NCPs in 
biomineralization leading to the formation of a favorable surface layer for crystal 
nucleation and thereby enhanced remineralization. 
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6.5 Summary 
The findings in this study indicated that the phosphorylation of Type I collagen in 
dentine lesion produced a favorable surface (i.e. high negative charge, high Lewis 
base (γ-, electron-donor) and low interfacial free energy between substrate and 
aqueous medium) for crystal nucleation. Thus, phosphroylation of dentine 
collagen, together with saturated Ca(OH)2 pretreatment, enhanced the 
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Chapter 7: 
Biomimetic Remineralization of Partially Demineralized 
Dentine Substrate Using Phosphorylated Chitosan (P-chi) 
 
7.1 Introduction 
Phosphate groups of P-chi could bind calcium ions and then form nucleation sites 
[191]. This could result in the formation of a Ca-P layer on P-chi membrane under 
simulated physiological conditions. Coating P-chi membranes with a porous Ca-P 
layer was expected to improve cell attachment and migration [191]. This method 
could be used for guided bone regeneration. Therefore, it was easy to assume that 
soluble P-chi may induce the remineralization of dentine by mimiking the 
nucleating role of phosphorylated NCPs in biomineralization of dentine. This is 
because the mineralization induced by P-chi was a biomimetic process, which was 
similar to the process of dentine biomineralization in which Type I collagen works 
as a template and some NCPs as nucleators. Therefore, P-chi could work as an 
analogue of phosphorylated NCPs to induce remineralization of Type I collagen 
of demineralized dentine.  
 
In this chapter, P-chi was used to modify the surface collagen of partially 
demineralized dentine to form a favorable surface of the collagen for mineral 
crystal nucleation and thereby enhance remineralization of dentine caries. 
Additionally, before and after the modification with P-chi, the influence of zeta 
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potential, Lewis base (γ-) and interfacial free energy of dentine substrate and 
aqueous solution on remineralization of partially demineralized dentine was 
investigated. The experimental flowchart is shown in Fig. 7.1. 
 
 
Remineralization without fluoride  
Partially demineralized dentine sections (n=24) 
 A: Control (n=6) C: Coating P-chi (n=6) 
Remineralization with fluoride  
ATR-FTIR, XRD, SEM, and EDX characterization 
 B: Not pretreated (n=6)   
Dentine sections (n=24) 
Demineralization treatment 
ATR-FTIR and contact angle measurement (n=6)  
ATR-FTIR and contact angle measurement (n=6)  
Contact angle and ATR-FTIR measurement  
D: Cross-linking P-chi (n=6) 
(a) Remineralization 
Fig. 7.1 Flowchart of remineralization of partially demineralized dentine using P-chi   
Partially demineralized dentine sections (n=24) 
B: Not pretreated (n=6) D: Cross-linking P-chi (n=6) 
EIS monitoring 
(b) EIS measurement  
Remineralization treatment 
with fluoride 
Remineralization treatment without fluoride  
C: Coating P-chi (n=6) A: Control (n=6) 
Treated with HEPES 
buffer solution 
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7.2 Materials and methods 
7.2.1 Preparation of partially demineralized dentine sections  
The dentine sections were obtained by the method in section 4.2.1 of Chapter 4. 
 
Dentine sections (n=48) were demineralized by immersing the samples into a 
demineralizing solution (one sample/50 ml), placed in a shaker (QT Instruments 
Pte. Ltd, Singapore) at room temperature for 72 hours. The demineralizing 
solution was changed every 24 hours. The demineralizing solution was prepared 
by the method in section 4.2.2 of Chapter 4. The degree of demineralization of 
the dentine surface was qualitatively characterized by ATR-FTIR analysis. As 
shown Fig. 7.1, the partially demineralized dentine sections were randomly 
assigned into four groups and each group had six samples. 
 
7.2.2 Preparation of dentine collagen particles  
The preparation was the same to that in section 6.2.3 of Chapter 6. 
 
7.2.3 Synthesis of P-chi and modification of the dentine sections and dentine 
collagen particles with P-chi 
P-chi was prepared from commercially available chitosan (Sigma, Chemical Co. 
U.S.) with low molecular weight (75-85% deacetylated) by the reaction of 
chitosan with phosphorous pentoxide, following the method developed by Nishi et 
al. [187]. The mechanism of the reaction is shown in Fig. 2.6, where the hydroxyl 
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group is phosphorylated and amino group is retained. Since the P-chi produced by 
this method is water-soluble at pH 7.0, the aqueous solution of P-chi (5mg/ml) 
was prepared for treating samples.   
 
To coat P-chi on the surface of the dentine section and dentine collagen particles, 
one dentine section or 50 mg dentine collagen particles were put into 5 ml P-chi 
solution (5mg/ml) and then dried in a chemical hood overnight until the water was 
completely vaporized. The covalent immobilization of P-chi on the surface of the 
dentine sections or dentine collagen particles was carried out by putting one 
dentine section or 50 mg dentine collagen particles to 10 ml P-chi solution 
containing GA (Sigma, Chemical Co. USA) of 0.25% (wt%) at 4  for 24 h℃ ours 
[258]. The cross-link occurred between amino groups of the surface collagen of 
demineralized dentine section and P-chi via GA. 
 
7.2.4 Remineralization 
Remineralization experiments were performed by immersing each dentine section 
into 30 ml of remineralizing solution at 37℃ for 1 week. The remineralizing 
solution was prepared by the method in section 4.2.3 of Chapter 4. The samples 
in group B were treated with the remineralizing solution with 2 ppm fluoride, 
while the samples in group C and D were treated with the remineralizing solution 
without fluoride. The remineralizing solution was changed every two days. After 
remineralization, the samples were washed with deionized water for 3 min and 
characterized by various methods. The samples were first characterized using 
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In order to characterize phosphorylation and remineralization of the samples, 
these samples were first checked by ATR-FTIR and XRD and then were 
characterized by EDX and SEM.  
 
ATR-FTIR and XRD measurements were carried out using the same parameters as 
those in the section 4.2.5 of Chapter 4. The surface morphology of the samples 
was observed using the same protocol in the section 4.2.5 of Chapter 4. 
 
The FTIR spectra of the chitosan and P-chi samples were recorded in transmission 
mode using the same instrument with the KBr pellet method. Spectra were 
collected in the range from 400 to 4000 cm-1 at 16 cm-1 resolution, with 100-time 
scans. 
 
The measurement of contact angle and calculation of surface energy components 
and interfacial free energy was the same to section 6.2.4 of Chapter 6. 
 
The measurements of zeta potential and EIS were also the same to section 6.2.4 of 
Chapter 6. 
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7.2.6 Statistical analysis 
The statistical analysis was the same to the section 6.2.5 of Chapter 6. 
 
7.3 Results  
7.3.1 FTIR spectroscopic analysis  
Figure 7.2 showed FTIR spectra of unmodified and P-chi powder. To identify the 
phosphorylation, the spectral peaks ranged from 1250-800 cm-1 were investigated. 
In Fig. 7.2(a) the spectrum of unmodified chitosan showed the peak of 
asymmetric bridge oxygen stretching at 1154 cm-1, -C-O stretching in ether groups 
at 1064 cm-1 and 1030 cm-1, and C-O ring stretching at 893 cm-1 [191]. After 
phosphorylation, the spectrum of P-chi showed new peak of P=O asymmetric 
stretching at 1220 cm-1, P-OH stretching at 970 cm-1 and P-O stretching in 
4000 3500 3000 2500 2000 1500 1000 500 0
cm
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phosphate monoester at 831 cm-1 (Fig. 7.2(b)). In addition, the peak of C-O-P 
stretching overlapped that of -C-O stretching in ether groups at 1064 cm-1. These 
results were in agreement with the report by Amaral et al. [191], indicating that 
the chitosan was phosphrylated in this study.  
 
ATR-FTIR was used to identify the coating or the covalent immobilization of 
P-chi and formation of Ca-P mineral on the surface of the samples. Figure 7.3 
displayed the typical ATR-FTIR spectra of the samples before and after the P-chi 
and remineralization treatments. In Fig. 7.3(a), the peaks at around 1643, 1544, 
and 1241 cm-1 are assigned as amide I, amide II, and amide III bands of Type I 
collagen, respectively, while the phosphate groups belonging to Ca-P minerals 
could not be distinctly identified. This result indicated that the surface of the 
samples in group A was mainly composed Type I collagen. The broad peak 
around 1030 cm-1 attributed to P-chi and the peak of P-OH stretching at 920 cm−1 
in Fig. 7.3(b, c) indicated the presence of P-chi on the surface of sample. However, 
the sample cross-linked with P-chi showed a less intense peak around 1030 cm-1 
compared with the sample coated with P-chi. The samples in group B and C 
showed weak peaks corresponding to phosphate group at 1026 cm−1 attributed to 
the formation of Ca-P minerals (Fig. 7.3(d, e)), which indicated that the coating of 
P-chi on the sample and the presence of fluoride in the remineralization solution 
could not induce significant remineralization of the samples. The samples in group 
D showed a stronger peak corresponding to phosphate group at 1026 cm−1 (Fig. 
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7.3(f)), which could be attributed to the formation of Ca-P minerals. Compared 
with the samples in group B and C, the sample in group D showed a higher peak 
of phosphate group and lower peaks of organic matrix, which indicated that the 
samples in group D were more significantly remineralized than those in group B 
and C. Fig. 7.3(g) is an ATR-FTIR spectrum of a sound dentine with a smear layer. 
In this spectrum, the peak at 870 cm-1 corresponding to carbonate group indicated 
the natural carbonated HAP in dentine. Therefore, it can be shown by comparing 
Fig. 7.3(f) with Fig. 7.3(g) that the newly formed Ca-P mineral crystals on the 
surface of sample in group D were lacking in carbonate groups. This result 
indicated that the composition of the newly formed mineral layer on the surface of 
Fig. 7.3 ATR-FTIR analysis of the surface of partially demineralized dentine section: (a), 
the control sample in group A; (b), the sample coated with P-chi in group C; (c), the 
sample cross-linked with P-chi in group D; (d), the sample coated with P-chi after 
remineralization using non-fluoridated remineralizing solution; (e), the untreated sample 
in group B after remineralization using fluoridated remineralizing solution; (f), the sample 
cross-linked with P-chi after remineralization using non-fluoridated remineralizing 
solution; (g), sound dentine section with a smear layer. 
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dentine was different from that of the smear layer.  
 
7.3.2 XRD 
XRD was used to identify the mineral phase in this study. In Fig. 7.4(a), the 
broader and shorter peak between 30° and 35° indicated that inorganic phase on 
the surface of the samples in Group A lacked a crystal lattice, while the broader 
peak at around 20° indicated the presence of the collagen on the surface of sample. 
The XRD pattern of the sample in group B and C (Fig. 7.4(b, c)) still 
approximated that of an amorphous state. In contrast, the XRD pattern of the 
20 25 30 35 40
Fig. 7.4 XRD of the surface of partially demineralized dentine section: (a), the 
control sample in group A; (b), the sample coated with P-chi after 
remineralization using non-fluoridated remineralization solution in group C; (c), 
the untreated sample after remineralization using fluoridated remineralization 
solution in group B; (d), the sample cross-linked with P-chi after remineralization 
using non-fluoridated remineralizing solution in group D; (e), sound dentine 
section with a smear layer. 
 
(002) 
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sample in group D (Fig. 7.4(d)) showed the characteristic diffraction peaks of 
HAP corresponding to (002) plane, and overlapping peaks corresponding to (211), 
(112) and (300) planes, indicating that the main crystal content was 
calcium-deficient HAP. This XRD pattern was very similar to that of sound 
dentine as shown in Fig. 7.4(e).  
 
7.3.3 SEM and EDX analysis 
Surface ultra-structure of the partially demineralized dentine sections before and 
after remineralizaton is shown in Fig. 7.5. As shown in Fig. 7.5(a), after 
demineralization treatment the smear layer was removed and the orifices of 
dentinal tubes were exposed. The EDX results showed that the content of calcium 
decreased to 3.09±1.23% (wt%, n=6), which also confirmed that the inorganic 
components on the surface of dentine were removed and organic matrix (mainly 
Type I collagen) was exposed after the demineralization treatment. Fig. 7.5(b) 
showed that no significant mineral crystals formed on the sample coated with 
P-chi in group B. Fig. 7.5(c, d) showed that some needle-like crystal clusters 
formed on the surface of the sample in group C and no mineral crystals layer 
covered on the surface of the sample. The needle-like morphology could be 
attributed to the usage of the remineralizing solution with fluoride, since the 
existence of fluoride was found to be crucial for the organized needle-like apatite 
crystal formation [228]. In contrast, petal-like crystals forming a layer covered the 
whole surface of the sample in group D as shown in Fig. 7.5(e, f). The insert in 
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Fig. 7.5(f) showed the orifice of dentinal tubule indicated by an arrow in Fig. 
7.5(e), where the inside of dentinal tubule was stuffed with petal-like crystals. 
According to the EDX results, the Ca/P molar ratio of the mineral crystal in Fig. 
7.5(e) was 1.58±0.03 (n=6) (Ca/P ratio of HAP: 1.67). This value, combined with 
the XRD pattern (Fig. 7.4(d)), indicated that these mineral crystals were 
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Fig. 7.5 SEM results of remineralization of partially demineralized dentine section. (a), the 
control sample in group A; (b), the sample coated with P-chi after remineralization using 
non-fluoridated remineralization solution in group C; (c), the untreated sample after 
remineralization using fluoridated remineralization solution in group B; (d), the highly 
magnified image of (c) showing needle-like crystals; (e), the sample cross-linked with P-chi 
after remineralization using non-fluoridated remineralizing solution in group D; (f), the 
highly magnified image of (e) showing petal-like crystals. The insert in (f) is a highly 
magnified image showing the orifice of dentinal tubule indicated by a arrow in (e), where 
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7.3.4 Contact angles, surface free energy and interfacial free energy  
The contact angles of different liquids on the samples are listed in the Table 7.1. 
Based on these contact angles, the surface free energy components and interfacial 
free energy of the samples with water were calculated using Equation (6) and (7), 
and are listed in Table 7.2. As shown in Table 7.2, γ- decreased after 
demineralization and then increased after surface modifaction with P-chi (P<0.05). 
The variations in the magnitude of the other components were relatively small, 
while γSL increased after demineralization and obviously decreased with 
subsequent covalent immobilization of P-chi, but did not with coating of P-chi 
(P<0.05).  
 Water Diiodomethane Formamide 
Dentine 55±1.5 42±2.6 41±2.5 
Demineralized dentine 68±2.3 48±2.0 50±1.9 
Demineralized dentine 
coated with P-chi 
56±2.1 43±0.7 42±1.6 
Demineralized dentine 
cross-linked with P-chi 
58±1.7 46±1.1 48±0.9 
 
 
The same letters represent data with statistically differences (p<0.05). 
 
 
Sample γLW γ+ γ- γSL 
Dentine with a smear layer 38.59±1.21 0.58±0.16 23.43±1.56a 4.17±0.68a 
Demineralized dentine 35.38±1.67 0.64±0.10 13.03±1.32a,b,c 13.90±1.12a,b,c 
Demineralized dentine coated 
with P-chi 
38.07±2.01 0.60±0.09 22.68±1.26b 4.72±0.56b 
Demineralized dentine 
cross-linked with P-chi 
36.47±1.35 0.27±0.02 24.23±1.62c 3.04±0.67c 
Table 7.1 The contact angles (°) of different liquids on the samples 
 
Table 7.2 Surface free energy (in mJ/m2) components and interfacial free energy (in 
mJ/m2) of the samples with water at 22℃ (n=6) 
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7.3.5 Zeta potential 
The zeta potential values of the samples in HEPES buffer solutions are listed in 
Table 7.3. As shown in Table 7.3, compared with sound dentine particles, the 
dentine collagen particles presented less negative charge at pH 7.4; however, the 
covalent cross-linking of P-chi caused the dentine collagen to have relatively 
higher negative charge at the same pH value but the coating with P-chi did not. In 
addition, the commercial HAP and dentine particles showed higher negative 
charge at pH 7.4. This result indicated that HAP is a main contribution for the 
negative charge of sound dentine. Thus, demineralization will result in a reduction 
of the negative charge of the dentine.   
 
7.3.6 EIS measurement 
As shown in Fig. 7.6, after 168-hour remineralization, the average values of Ra of 
the samples in Group A, B and C increased by 0.4%, 10.1% and 4.0%, 
respectively, which were significantly less than that of the samples in Group D 
increasing by 25.1% (p<0.05).  The increase in Ra was attributed to the reduction 
 HEPES buffer (50mM, pH=7.4) 
Commercial HAP  -17.8±2.3 
Sound dentine -12.3±1.7a 
Dentine collagen -1.3±0.90a,b,c 
Dentine collagen coated with P-chi -1.6±0.80b 
Dentine collagen cross-linked with P-chi -15.8±3.6c 
The letters a and c represent data with statistically differences (p<0.05); b represents 
data with no significantly difference (p>0.05). 
Table 7.3 Zeta potential (in mV) of the samples in HEPES buffer solution 
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of porosity of dentine after remineralization. The higher increasing percentage of 
Ra of the samples cross-linked with P-chi indicated that compared usage of 
fluoride and coating of P-chi, the cross-linking of P-chi can more significantly 




As indicated by the results of ATR-FTIR, XRD, SEM and EIS, untreated surface 
of the partially demineralized dentine (Group B) could not induce significant 
remineralization in the presence of fluoride in the remineralizing solution. The 
reason was that since small amount of residual crystals remained on the surface of 
the sample, the action of fluoride, only targeting the growth of the residual 
crystals, did not facilitate the remineralization of the samples. This finding was in 
Fig. 7.6 Change in apparent resistance (Ra) of the dentine specimens measured by EIS 
system during remineralization. The samples in Group A were not remineralized; the 
untreated samples in Group B were remineralized using fluoridated remineralizing 
solution; and the samples coated and cross-linked with P-chi in Group C and D, 
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agreement with the finding by Klont et al. [79]. In contrast, the covalent 
cross-linking of P-chi induced significant remineralization of the demineralized 
dentine samples in Group D. The SEM (Fig. 7.5(f)) and EIS results indicated that 
the mineral layer on the surface of the sample in Group D could be useful for the 
treatment of dentine hypersensitivity.  
 
It has been reported that chitosan and its derivatives can chelate transition metal 
ions [175, 176]. However, Sigel et al. proposed that chelation of metal ions by 
amine and amide groups was effective only in highly basic solutions (pH>12), 
where deprotonation of amino groups takes place, which then bind the metal ions 
[259]. Moreover, it has been reported that chitosan has a poor ability to chelate 
calcium ions, but phosphorylation can improve the chelation property of chitosan, 
which improved the ability to chelate calcium ions [259]. This result could be 
attributed to the fact that although intact chitosan shows positive charge at pH 7.4 
[260], the grafting of anionic groups such as phosphate group on chitosan can 
tailor surface charge [191]. Furthermore, the polar component of the surface free 
energy of chitosan could be enhanced by phosphorylation treatment [261]. As 
indicated by the zeta potential and Lewis base (γ-) results in this study, due to the 
exposure of collagen and the lack of residual crystals, the surface of partially 
demineralized dentine was weakly negatively charged and weakly polar. This 
resulted in poor remineralization ability. Therefore, based on chelating ability of 
calcium ions, P-chi was used to modify the surface of the partially demineralized 
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dentine to enhance remineralization of partially demineralized detnine.  
 
The modification methods included coating and immobilizing P-chi on the surface 
of the sample. As shown in Fig. 2.6, the amino groups of chitosan are intact in the 
phosphoryaltion process and thus P-chi can be cross-linked to collagen by GA. As 
indicated by the ATR-FTIR, XRD, SEM and EIS results, the sample surface 
coated with P-chi (Group C) could not induce significantly remineralization, while 
the one cross-linked with P-chi could. This result may be explained by the fact 
that since the P-chi is water soluble, the P-chi coated on the sample desorbed 
when the remineralizing solution was added. This explanation was supported by 
the result of this study that the zeta potential value of dentine collagen coated with 
P-chi did not significantly increased, while the dentine collagen cross-linked with 
P-chi showed higher negative charge compared with the pure dentine collagen. It 
was proposed that during nucleation, calcium ions are first adsorbed on the 
functionalized surface, followed by the adsorption of phosphate ions [246]. 
Therefore, with higher negative charge, the surface of sample can attract more 
calcium ions and thereby enhanced the nucleation ability of the surface collagen 
of partially demineralized dentine.  
 
As stated in Chapter 6, higher value of Lewis base (γ-) reflected stronger ability 
of nucleation on the sample surface. In this study, 72-hour demineralized dentine 
with lower value of γ- showed poor nucleation ability. It has been reported that 
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P-chi has an increasing polar component of the surface free energy with 
phosphorylation treatment. Therefore, in this study, the covalent cross-linking of 
P-chi introduced polar functional groups onto the collagen surface, thus increasing 
the value of γ- on the surface of partially demineralized dentine, which resulted in 
a significant remineralization compared with control samples. 
 
On the other hand, as shown in Table 7.2 the covalent cross-linking of P-chi 
decreased the interfacial free energy of the partially demineralized dentine with 
water. As stated in Chapter 6, a smaller interfacial free energy between the 
aqueous media and the solid phases could lead to a greater tendency to be 
nucleated either on itself or on foreign surfaces (i.e. heterogeneous nucleation) 
[257]. Therefore, the immobilation of P-chi on the surface of demineralized 
dentine was able to enhance heterogeneous nucleation, thereby facilitating 
remineralization of demineralized dentine.  
 
In this study, the behavior of the P-chi coated on sample surface were similar to 
that of soluble phosphorylated NCPs in dentine which could inhibit 
remineralization, while the behavior of the P-chi covalently cross-linked on 
sample surface that of insoluble phosphorylated NCPs in dentine which could 
induce remineralization [2]. Therefore, in vitro covalent immobilization of P-chi 
on collagen in dentine lesion was meant to mimic the role of phosphorylated 
NCPs covalently bound to collagen in dentine to form the favorable surface for 
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crystal nucleation and thus enhanced the remineralization. 
 
7.5 Summary 
By mimicking the nucleating role of phosphorylated NCPs bound to collagen in 
vivo, covalent immobilization of P-chi on dentine collagen produced a more 
negatively charged dentine surface, which increased value of γ- on the dentine 
suface and decreased the interfacial free energy between the dentine surface and 
aqueous medium; and thereby enhanced remineralization of the surface of 
































General discussion  
 
In this study, by mimicking the nucleating role of the phosphorylated NCPs bound 
to collagen in vivo, two bimimetic methods: (1) phosphorylation of dentine 
collagen and (2) immobilization of phosphorylated chitosan (P-chi) on dentine 
collagen were used to remineralize the surface of partially demineralized dentine. 
The development of these two methods was based on the understanding of dentine 
demineralization and the nucleating role of phosphorylated NCPs in dentine 
biomineralization. Based on the change in the surface properties of dentine and 
interfacial free energy between dentine surface and aqueous medium, chemical 
thermodynamics and kinetics factors were used to explain the rationale of these 
two biomimetic methods for remineralization of dentine.  
 
8.1 Demineralization of dentine and its influence on 
remineralization 
In order to investigate the changes in structure, chemical composition and surface 
property of the demineralized dentine and their influence on remineralization, this 
study first focused on the characterization of the structural and compositional 
changes occurring on the surface of dentine due to demineralization. The findings 
indicated that in the demineralization process, the high surface-area collagen 
matrix of dentine was gradually exposed with the increase in mineral loss. The 
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process of demineralization made dentine become porous gradually, but the 
profile and structure of collagen would be retained for a certain time, which could 
provide a scaffold for remineralizaton of dentine. Additionally, the sample with a 
low degree of demineralization could induce significant remineralization in the 
presence of fluoride, but the sample with higher degree of demineralization could 
not. It was documented that fluoride enhances remineralization by adsorbing on 
the surface of partially demineralized crystal (residual crystal) and attracting 
calcium ions, followed by phosphate ions, leading to new mineral formation [1]. 
As shown in Fig. 8.1(a), a residual crystal on dentine collagen acted as “a seed 
crystal” and fluoride ions were adsorbed on the surface by the formation of 
hydrogen-bond between fluoride ions and acid phosphate species [262, 263]. 
Therefore, the effect of fluoride on remineralization of dentine was limited when 
residual crystals were lacking in the lesion. It could be concluded that 
remineralization is difficult at a high degree of initial mineral loss even using 
fluoride, because the caries process had passed a ‘point of no return’ at which a 
certain amount of residual crystals should be retained as “seed crystals” 
(nucleation sites) for remineralization. 
 
The low negative surface charge, low Lewis base (γ-) and high interfacial free 
energy of the demineralized dentine indicated that the surface properties and 
interfacial free energy of organic matrix (mainly Type I collagen) of 
demineralized dentine did not favor the crystal nucleation. This finding could 
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explain why dentine remineralization occurs neither by spontaneous precipitation 
nor by nucleation of mineral on the organic matrix but by growth of residual 
crystals (inorganic matrix) in the lesions. More importantly, based on the 
understanding of the influence of surface properties on remineralization and the 
nucleating role of phosphorylated NCPs in biomineralization of dentine, proper 
methodologies of modifying the surface of demineralized dentine could be 
developed and thereby enhance the remineralization of dentine.   
 
8.2 Introduction of phosphate groups onto Type I collagen to 
induce mineralization 
According to the understanding of the influence of demineralization on dentine 
remineralization and the nucleating role of phosphorylated NCPs in dentine 
biomineralizaton, phosphate groups were initially introduced on non-soluble Type 
I collagen from ESM (eggshell membrane) by treatment with STMP and induced 
mineralization of collagen. This result suggested that the phosphorylation of 
collagen by chemical modification together with saturated Ca(OH)2 treatment can 
facilitate mineralization of Type I collagen.  
 
Using this methodology, the chemical and physical properties of the surface of 
partially demineralized dentine were changed, resulting in a more negatively 
charged surface of the sample and a lower interfacial free energy between the 
sample surface and remineralizing medium. In addition, since the 
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Ca(OH)2-pretreatment resulted in more lower surface charge on phosphorylated 
dentine collagen, with adsorption of calcium ions and subsequent phosphate ions, 
the precursor formed on the surface of dentine collagen for further HAP crystal 
growth [246]. Combination of these two treatments enhanced remineralization of 
partially demineralized dentine compared with the addition of fluoride to the 
remineralizing solution. 
 
Although the whole dentine collagen section was not completely remineralized, 
this topical therapy is still a promising method to remineralize superficial lesion of 
dentine. In addition to its function as a phosphorylation agent for collagen, STMP 
also showed anticaries activity by reducing the demineralization process [253, 
255]. The anticaries activity could be attributed to the fact that STMP could 
reduce the near-equilibrium acid-solubility of HAP and the exchange of phosphate 
ions between medium and HAP [253]. Therefore, with STMP a promising 
preventive or therapeutic product could be developed based on biomimetic 
strategy to manage demineralized dentine. 
 
8.3 Immobilization of P-chi on Type I collagen of partially 
demineralized dentine to induce remineralization 
In this study, the surface of partially demineralized dentine was significantly 
remineralized after P-chi was immobilized on the surface of dentine by the 
cross-linking agent, glutaraldehyde. In contrast, the adsorption of P-chi could not 
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significantly induce remineralization. This finding indicated that immobilized 
P-chi can mimic phosphorylated NCPs bound to collagen in vivo to induce 
mineralization, while non-immobilized P-chi could de-adsorb from the surface of 
collagen and might even inhibit the nucleation of HAP on the surface of the 
collagen like the inhibitory effect of EDTA-soluble NCPs on dentine 
remineralization [106, 107]. In addition, the covalent immobilization of P-chi on 
dentine collagen can also alter the chemical and physical properties of the surface 
of partially demineralized dentine, resulting in a more negatively charged surface 
of the sample and a lower interfacial free energy between the sample surface and 
remineralizing medium. Unlike the remineralization method in section 8.2, the 
treatment of saturated Ca(OH)2 was not needed to induce remineralization after 
immobilization of P-chi. This difference could be explained by the finding that at 
pH 7.4 zeta potential value of phosphorylated dentine collagen was -9.6 mV 
which was less than that of dentine collagen cross-linked with P-chi, -15.8 mV 
(p<0.05). This result indicated that the surface of the latter could attract more 
calcium ions and thus preferentially form more precursors on the surface of 
samples.    
 
P-chi showed antibacterial effects which would probably hinder subsequent 
bacteria-mediated dental demineralization [195]. Hiroshi et al. reported that 
mouth rinse containing P-chi would be effective in reducing plaque formation and 
had a slight ability to enhance plaque buffering capacity [195]. In addition, 
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compared with other biomimetic material for remineralization of dental hard 
tissue such as CPP-ACP nanocomplex which is commercially available [155] and 
functional peptides [161], it is more convenient to prepare P-chi on a large scale. 
Additionaly, people with milk allergy cannot use CPP-ACP, while P-chi is 
hypoallergenic. Therefore, considering the biocompatibility, complete 
biodegradability, non-toxicity and antibacterial ability of P-chi [167-169], P-chi 
could also be a promising preventive or therapeutic product to manage 
demineralized dentine. 
 
In addition, since GA is a toxic cross-linker in vivo, a non-toxic cross-linking 
agent should be used for clinical application. 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) is a biocompatible cross-linking agent [264] and thus it could 
be used to immobilize P-chi on dentine collagen in vivo. In addition, 
N-hydroxysuccinimide (NHS) is frequently used to increase the efficiency of 
EDC-mediated coupling reactions [265]. Therefore, EDC/NHS is recommended 
for immobilizing P-chi on dentine collagen in vivo. 
 
8.4 The factors influencing remineralization of partially 
demineralized dentine in vitro  
It has been proposed that the growth rate of mineralization controlled by surface 
processes can usually be expressed by the following simplified equation [89]: 
 
Rc = C × s × σn                     (10) 
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where C is the kinetic constant at a given temperature, s is related to the number 
of active growth sites (nucleation sites), σ the supersaturation with respect to HAP 
and n the apparent order of the precipitation process. Therefore, from a chemical 
standpoint, two factors: (1) the saturation of mineralizing medium (σ) with respect 
to HAP and (2) the number of active growth sites on dentine surface would affect 
the remineralization of dentine. The former is a thermodynamic factor but it will 
also affect the rate of mineralization as shown in Equation 8. In this study, since 
σ was a constant, the number of active growth sites, a kinetic factor, would 
determine whether the mineralization can be triggered. Therefore, due to the lack 
of residual crystals (active growth sites in Equation 8) on the surface of 72-hour 
demineralized dentine, the rate of remineralization of the sample was inhibited 
despite the presence of a favorable σ for formation of HAP. Apparently, the 
introduction of phosphate groups increased active growth sites on the surface of 
sample and thus improved the rate of remineralization. However, it should be 
noted that although phosphate groups introduced on the surface of dentine 
collagen worked as nucleation sites, if a certain amount of calcium ions was not 
trapped by the phosphate groups, the mineralization would not occur. Therefore, 
the cluster of phosphate groups trapping calcium ions could be the active growth 
sites on dentine collagen (Fig. 8.1(b, c)) and the subsequent remineralization 





The changes in the surface properties of demineralized dentine before and after 
biomimetic treatment and their influence on chemical kinetics of remineralization 
could explain (1) why dentine remineralization occurs neither by spontaneous 
precipitation nor by nucleation of mineral on the organic matrix (mainly Type I 
collagen) but by growth of residual crystals (inorganic matrix) in the lesions; and 
(2) why the biomimetically modified collagen in dentine lesions could induce and 








































































Fig. 8.1 Mechanism of HAP nucleation on (a) residual crystal, (b) phosphorylated 
dentine collagen and (c) dentine collagen cross-linked with P-chi. Ser: serine; GA: 

















































































(1) Dentine demineralization resulted in a high surface-area collagen matrix, 
which did not favor crystal nucleation and thus inhibited dentine remineralization 
even in the presence of fluoride. 
 
(2) Phosphate groups can be introduced on the surface of dentine collagen through 
STMP treatment, which can facilitate dentine remineralization, together with 
saturated Ca(OH)2 treatment.  
 
(3) Covalent cross-linking of P-chi onto dentine collagen produced a favorable 
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Future Perspectives  
 
(1) Since the factors in oral environment related to remineralization of enamel and 
dentine are more complex compared with those of in vitro study, the biomimetic 
remineralization methods in this study should be further tested and improved in a 
simulated oral environment (i.e. in presence of simulated or real saliva and 
biofilm).  
 
(2) The current work mainly focused on the in vitro research on the 
remineralization of superficial dentine caries. Thus, the improvement of the 
biomimetic methodology in this study for remineralization of deep dentine caries 
is needed. 
 
(3) Enamel remineralization is significant to prevent early caries. The synergistic 
effect of P-chi on enamel remineralization and biofilm inhibition should be 
investigated in future to find more preventive and therapeutic functions of P-chi 
for dental caries.   
 
(4) In order to apply the biomimetic methods in this study to medical practice, a 
safe and efficient topical treatment protocol in oral cavity using STMP or P-chi 
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(1) Absorption bands of chemical components present 
in the dentine and enamel tissues 




(3) Preparation of P-chi 
To the mixture of chitosan (2.0 g) in methanesulphonic acid (20 ml) was added 
phosphorus pentoxide and the mixture was stirred at 0-5℃ for 3h. After that, the mixture 
was stood overnight at -20℃, and the product then was precipitated with methanol and 
collected by centrifugation. Next, the product was washed with acetone and collected by 
centrifugation (3 circles). Finally, the product was dried in fume hood. The yield was 
1.0-1.6 g. Adapted from Ref. [188] 
 
 




(4) FTIR spectra peak assignments of unmodified and phosphorylated chitosan 
